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ABSTRACT
FIRE-RESISTANT POLYMERS CONTAINING BISPHENOL C AND
DEOXYBENZOIN DERIVATIVES
SEPTEMBER 2004
KENNETH A. ELLZEY, B.S., UNIVERSITY OF ARIZONA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professors Todd Emrick and Richard J. Farris
The synthesis, processing, and engineering of low heat release, ultra fire-
resistant materials present an important challenge in polymer materials chemistry. One
approach to this problem involves the use of materials that char upon decomposition
rather than evolve flammable gas. Here, the synthesis and characterization of 1,1-
dichloro-2,2-bis(4-hydroxyphenyl)ethene (bisphenol C or BPC) and deoxybenzoin con-
taining polymers are described.
Poly(aryletherketone)s containing 1 ,1 -dichloro-2,2-bis(4-hydroxyphenyl)ethene
(BPC) were synthesized by the cesium fluoride initiated polymerization of 1,1-dichloro-
2,2-bis(4-^-butyldimethylsiloxyphenyl)ethane with 4,4'-difluorobenzophenone (BP-F).
These polymers exhibit high char yields by thermogravimetric analysis (TGA), and low
heat release capacities were measured by pyrolysis combustion flow calorimetry
(PCFC). Poly(aryletherketone)s were prepared from BP-F and various ratios of BPC
and bisphenol-A (BPA), and their thermal properties were characterized by TGA and
PCFC.
vii
Fire-resistant bisphenol C and polydimethylsiloxane (PDMS) polyurethanes
were prepared through the polycondensation of l,l-dichloro-2,2-bis(4-isocyanato-
phenyl)ethene (BPC-NCO) with BPC and 2000 g/mol hydroxybutyl-terminated PDMS
(PDMS-BuOH). These polyurethanes showed increased char yields based on inclusion
of BPC-NCO and PDMS-BuOH, and substantially reduced heat release capacities
compEired to similar polyurethanes prepared with 2,4-tolylene diisocyanate and
poly(tetraniethyleneoxide).
Halogen-free, fire-resistant copolyarylates were prepared by interfacial
copolymerization of isophthaloyl chloride and sever£il relative ratios of 4,4'-
bishydroxydeoxybenzoin and bisphenol A. The fire-resistance of these polyarylates
was explored by TGA and PCFC, and char yields of nearly 40 % were observed, twice
that of bisphenol A polyarylate. Heat release capacities as low as 81 J/g K were
measured by PCFC. Thus, halogenation, often used to effect fire-resistance in
materials, is eliminated all together.
Hyperbranched polyphenylenes with bromine and boronic acid termination were
prepared by Suzuki coupling polymerization. An exceptionally low heat release
capacity of 6 J/g K were measured by PCFC for bromine terminated polymers and char
yields were shown to increase as a function of boronic acid termination due to the
formation of a glassy network.
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CHAPTER 1
INHERENTLY FIRE-RESISTANT POLYMERS: AN OVERVIEW
1.1 Introduction
Polymers offer lightweight, inexpensive alternatives to traditional construction
materials, but the inherent flammability of nearly all organic polymers poses a threat to
life and property. This is particularly relevant in the civil, aviation, and maritime
industries where polymers are used in confined spaces. Accordingly, a great deal of
research has been devoted to miproving the fire-resistance of polymer materials. Much
of this work has involved the addition of small-molecule flame-retardants (typically
referred to as "additive" flame-retardants in the literature) to commercially available
polymers. While this approach is simple and inexpensive, the use of small-molecule
additives carries significant drawbacks that include host polymer degradation and
leaching into the environment.' An alternative method entails covalent attachment of
flame-retardant moieties onto polymer backbones or pendant sidechams. These flame-
retardants, commonly referred to as "reactive" flame-retardants, often exhibit improved
mechanical properties and superior flame-retardant efficiencies relative to the additive
composite materials.
The vast majority of both additive and reactive flame-retardants use either
halogens, phosphorous, or a combination of the two as the active species.
Unfortunately, halogenated flame-retardants such as polychlorinated and polybromi-
nated bisphenyls (PCB's and PBB's respectively) are known carcinogens and have been
banned fi-om many regions that include Europe, Japan, and the United States. Their
replacements, polybrominated diphenylethers (PBDE's), have likewise been identified
1
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as environmental hazards ' and may soon be banned as well.^ In addition, some
halogenated polymers have been shown to emit high levels of extremely toxic dioxins
upon burning.^ Thus, many manufacturers avoid the production of new halogenated
materials due to potentially harmful environmental consequences. Moreover, reports on
burning phosphorous-based polymers indicate the evolution of dangerously high
concentrations of carbon monoxide,^'^ making them unsuitable for use in enclosed
environments.
It is clear that the study of new flame-retardant materials and methodologies is
critically importsint and must meet a number of key requirements that include high
thermal stability, extremely low combustion heat release rates, low total heats of
combustion, minimal release of toxic fumes, and environmental friendliness. A
concerted effort in synthesis, engineering, and material science is necessary to
understand and develop a new class of inherently fire-resistant materials.
1.2 Polymer Combustion
The fire cycle of polymeric materials is illustrated schematically in Figure 1.1.
Combustion begins upon introduction of a heat source to the polymer material. When
the temperature of the polymer rises above its decomposition temperature, volatile fuel
evolves from the surface. This rising fuel enters the combustion zone, combines with
oxygen, and combusts. The generated heat then radiates back to the polymer surface to
promote further decomposition that continues the fire cycle.
Effective interruption of this fire cycle at the molecular level is the basis of
flame-retardant research. Controlling the generation or transfer of heat is key.
An
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Figure 1.1: Schematic of polymer combustion.
effective method to achieve this is to eHminate the evolution of fuel gases. With no fuel
to bum, heat cannot be generated to continue combustion. The use of polymers with
high decomposition temperatures (i.e., thermal stability) would result in absorption of
greater quantities of heat prior to evolution of volatile gases. However, even such
highly stable materials will bum at sufficiently high temperatures if the evolved gases
are flammable.
The strategy investigated here is to design materials that will undergo chemical
reactions to give highly stable solids (char) upon heating. This char would trap
potential fuel gases within the condensed phase, and serve as an insulating layer to
shield the polymer from heat transfer and further decomposition.
Furthermore,
chemical decomposition can be engineered such that evolved inflammable
gases, such
3
as water or hydrogen halide, act to dilute fuel gas concentrations and reduce heat
generation. Evolution of combustion inhibitors will similarly reduce heat generation.
The most effective flame-retardant strategies combine two or more of these
methodologies.
1.3 Thesis Overview
This dissertation describes the preparation and characterization of several novel
char-forming, fire-resistant polymers. Chapter 1 reviews the synthesis and character-
ization of inherently fire-resistant polymers. Chapter 2 describes the synthesis of
bisphenol C (BPC) containing poly(aryletherketone)s, and indicates how the incorpora-
tion of BPC into polymer materials increases char yields and lowers the heat release
capacity. Copolymers of BPC and bisphenol A (BPA) exhibit increased heat relesise
capacity relative to BPC poly(aryletherketone) and provide an opportunity to reduce
halogen content relative to BPC poly(aryletherketone). In Chapter 3, elastic, fire-
resistant polyurethanes containing BPC hard-segments and polydimethylsiloxane soft-
segments are presented. These studies indicate that the combined inclusion of
bisphenol C char-forming hard-segments with low heat release polydimethylsiloxane
soft-segments substantially reduces heat release capacities relative to polyurethanes
prepared by common methods. Chapter 4 discusses diphenylacetylene intermediates in
the char-formation mechanism for BPC-based polymers and how this may be used to
prepare halogen-free fire-resistant polymers. Specifically, diphenylacetylene containing
poly(aryletherketone) is prepared, and its fire-resistance behavior is compared to its
BPC analogue. Also included in Chapter 4 is the preparation and characterization of
4
deoxybenzoin containing polyarylates. These novel polymers show good char yields
and low heat release capacities and yet contain no halogen at all. Finally, Chapter 5
presents a discussion on the fire-resistance behavior of hyperbranched polyphenylenes
and their potential use as additives to conventional polymers to prepare novel polymer
composites coated with anti-flammable polymers.
1.4 Fire-resistance Evaluation Methods
Analytical studies of fire-resistant materials on a small scale present challenges
that are currently being addressed by researchers in the field. An actual fire is dynamic
and complex. However, laboratory-scale tests that measure fundamental properties
based on mathematical models have shown increasing success towards predicting fire
behavior. Nelson has identified key parameters to describe fundamental properties of
flammability that include:^ 1) ease of ignition; 2) flame spread rate; 3) fire endurance,
or how rapidly a fire can penetrate a wall or barrier; 4) heat release rate, a quantification
of heat release over a given period; 5) ease of exfinction, or a measure of the flame
chemistry leading to extinction; 6) smoke evolution, or the amount, evolution rate, and
composition of smoke released during stages of a fire; and 7) toxic gas evolution. The
heat release rate (HRR) is regarded as the parameter that most clearly represents a
material property contribution to the magnitude of a real fire,^''° and the most modem of
the engineering tests provide a measure of this rate.
Some popular methods used to evaluate the fire-resistance of a given material
include: 1) the UL 94 small-flame test; 2) the limiting oxygen index (LOI); 3) the Ohio
State University calorimeter; 4) the cone calorimeter; and 5) the
FAA pyrolysis
5
combustion flow calorimeter (PCFC). Methods 1 and 2, although non-quantitative, are
still commonly used by researchers, and methods 3-5 provide quantitative heat release
data from which heat release rates can be determined.
1.4.1 UL 94 FlammabiUty Ratings
The most widely accepted flammability performance standards for plastics are
the UL 94 ratings (Figure 1.2)." These ratings are intended to evaluate the ability of an
ignited material to extinguish a flame and are based upon the rate of burning, time to
extinction, ability to resist dripping, and whether or not drips are burning. The surface
bum ratings, 5VA and 5VB, have the most stringent criteria with the 5VA being the
highest rating given (see Table 1.1). To obtain these ratings, plaques of the material
must not bum when exposed to a flame for 5 seconds. For materials that don't meet
these criteria, V-0 or V-1 ratings are given based on the vertical bum test, where
buming must stop within 10 seconds or 30 seconds (depending on the rating). If the
material drips during the vertical bum test, it is given a V-2 rating. The HB rating, while
a flammability classification, precludes material use where flammability is a safety
requirement. Often at least V-1 or V-0 ratings are required for these applications.
SURFACE BURN VERTICAL BURN HORIZONTAL BURN
UL 94 5VA UL 94 V-0 (Best) UL 94 HB
UL 94 5VB UL 94 V-1 (Good)
UL 94 V-2 (Drips)
Figure 1.2: UL 94 test ratings.
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Table 1.1: Criteria for UL 94 test ratings.'*
Rating Criteria
HB Slow burning on a horizontal specimen; burning rate <76 mm/min for
thickness <3 mm.
V-2 Burning stops within 30 seconds on a vertical specimen; drips of flaming
particles are observed.
V-1 Burning stops within 30 seconds on a vertical specimen; no drips.
V-0 Burning stops within 10 seconds on a vertical specimen; no drips.
5V Burning stops wdthin 60 seconds after five applications of a flame larger
than used in V-testing to a test bar; application time is 5 seconds.
5VB Plaque specimens may have a bum-through (have a hole)
5VA Plaque specimens may not a bum-through (no hole) - highest UL rating.
1.4.2 Limiting Oxygen Index
A simple test commonly used to determine relative polymer flammability is the
limiting oxygen index (LOI) test which measures the minimum oxygen concentration
12 •
that will support combustion according to ASTM D2863 specifications. A stnp
sample is held in a vertical glass chamber and ignited at its upper end with a hydrogen
flame, which is then withdrawn, and the sample bums like a candle fi-om the top down.
The concentration of oxygen in an oxygen/nitrogen atmosphere is regulated and the
minimum fi-action that just sustains burning is the LOL Generally, if a material has an
LOI value above 25-27, it will bum under only extreme high heat conditions.
While the LOI test helps evaluate the flammability properties of a material, it is
limited by its inability to predict ftill-scale fire performance. This is partly because the
sample is not exposed to a flame throughout the duration of the experiment, and thus, it
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does not correlate well with other fire tests. However, the method has utility as a first
approximation tool for flammability and is useful for quality control purposes.
1.4.3 The Ohio State University Calorimeter
The Ohio State University (OSU) Calorimeter represents the first bench-scale
apparatus designed for measuring heat release rates and is a first-generation engineering
test for material fire properties (see Figure 1.3 for a schematic). It is an adiabatic
calorimeter that measures HRR by means of a thermopile, and as is common for
adiabatic calorimeters, heat losses to the surrounding environment are problematic.
As a result, HRR values are typically lower th£in those measured on more modem
1 o
instrumentation {vida infra). Federal regulations require that materials used in aircraft
cabin walls be tested with the OSU calorimeter. However, because of the poor
ruggedness, ease of use, and questionable data validity of the OSU calorimeter,''*''^ the
newer cone calorimeter has displaced it in other testing requirements.
Figure 1.3: The Ohio State University calorimeter. Reprinted with permission from
(Fires in Mass Transit Vehicles: Guide for the Evaluation of Toxic Hazards) ©
(1991) by the National Academy of Sciences, courtesy of the National Academies
Press, Washington, D.C.
SMOKE DETECTOR
8
1.4.4 The Cone Calorimeter
The cone calorimeter, originally designed by Babrauskas at the National
Institute of Standards and Technology (NIST) in 1982,'^ provides a laboratory bench-
scale performance evaluation of a modeled near real world combustion environment
(see Figure 1.4). The cone calorimeter measures heat release rate, total heat release,
and effective heat of combustion by the "oxygen consumption principle." In addition,
the calorimeter measures mass loss rate, time to ignition, specific extinction area, and
evolution of carbon monoxide and carbon dioxide during burning. The oxygen con-
sumption principle states that for each mole of oxygen consumed during combustion,
13.1 kJ of energy is released. This value was determined empirically by averaging the
measurements of several organic compounds and holds true for most organic materials
Vertical oridniation
Figure 1.4: A schematic for a cone calorimeter. Reprinted with permission from
(Fires in Mass Transit Vehicles: Guide for the Evaluation of Toxic Hazards) ©
(1991) by the National Academy of Sciences, courtesy of the National Academies
Press, Washington, D.C.
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to within a few percent. This finding thus improves the rehability and simplicity of heat
release measurements relative to the OSU calorimeter. Both the OSU calorimeter and
cone calorimeter require 100+ grams of material, which limits their utility for testing
new research materials that are only available in limited quantities.
1.4.5 FAA Pyrolysis Combustion Flow Calorimeter
Fire performance testing of polymer samples available in limited quantities is
not viable using the methods discussed previously. In an effort to enable research into
novel fire-resistant materials, the Federal Aviation Administration (FAA) designed a
new oxygen consumption calorimeter termed the Pyrolysis Combustion Flow
Calorimeter (PCFC). In the PCFC, heat release data are obtained in similar fashion to
the cone calorimeter via the oxygen consumption principle but without the ability to
measure smoke and gas emissions.
Figure 1.5 illustrates the PCFC. The instrument mimics the conditions of a real
fire by pyrolysis of a solid sample in an inert atmosphere. The pyrolysis gases are
Combustor
Pyrotysis Zone
Combustible
Solid
Pyrolyzer
Sample
Scrubbers
Flow- 1 02
meter {Analyzer
Exhaust
Figure 1.5: A schematic for the FAA pyrolysis combustion flow calorimeter (drawing
by the Federal Aviation Administration).
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forced into a combustion chamber and combusted at 900 °C in the presence of a known
excess of oxygen. The combustion gases are passed through Drierite and Ascarite to
remove water, carbon dioxide, and hydrogen halide gas, and an oxygen sensor measures
the remaining oxygen, from which the oxygen consumed is calculated. Conversion to
heat release follows by way of the oxygen consumption principle.
The research benefits of PCFC are enormous, as the instrument can evaluate
examples on the milligram scale. In addition, because sample sizes are small, physical
effects such as sample shape and heat transfer are negligible. Using this technique, the
FAA introduced the heat release (HR) capacity, which is simply the peak HRR
normalized to the heating rate. Heat release capacity is a material property that does not
change under differing test conditions and is useful as a key parameter in determining
fire-resistance.'^ Table 1.2 lists some commercially available polymers, their heat
release capacities as determined by PCFC, and char yields.
Table 1.2: Heat release capacity, total heat release, and char yield for select
commerical polymers.^^
Polymer
HR Capacity
(J/g-K)
Total Heat
Release (kJ/g)
Char Yield
(%)
Polyethylene
Polypropylene
Polystyrene
BPA epoxy
Poly(vinyl alcohol)
Poly(methyl methacrylate)
BPA polycarbonate
Poly(ethylene terephthalate)
Poly(p-phenylene terephthalamide)
Poly(etheretherketone)
Poly(vinyl chloride)
Poly(etherimide)
1676
1571
927
657
533
517
359
332
302
155
138
121
41.6
41.4
38.8
26.0
21.6
24.3
16.3
15.3
14.8
12.4
11.3
11.8
0
0
0
4
3
0
22
5
36
47
15
49
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1.5 Inherently Fire-resistant Polymers
Inherently fire-resistant polymers resist combustion simply due to their chemical
structures and in the absence of flame-retardant additives. Several design strategies
have been implemented that result in materials that are inherently fire-resistant. These
strategies typically yield materials with increased decomposition temperatures and high
char yields. Polymers with highly aromatic character, a high degree of unsaturation
(double and triple bonds) and/or heteroatoms exhibit significant improvement in fire-
resistant behavior compared to polymers lacking these elements. Polymers with higher
carbon-to-hydrogen ratios show better fire resistance as the lack of hydrogen fuel leads
to facile char formation and graphite-like, polyaromatic fused ring structures.^' The
following sections introduce a number of inherently fire-resistant polymers reported in
the literature.
1.5.1 Halogenated Vinyl Polymers
Halogenated vinyl polymers are inherently fire-resistant as a result of the
intrinsic chemical reactivity of the polymer and the presence of halogen.
Dehydrohalogenation on the polymer backbones competes effectively with chain
scission and results in the formation of internal olefins. This unsaturation enables
crosslinking to occur via intermolecular Diels-Alder chemistry, forming ring structures
22
that lead to aromatic units through dehydrogenation reactions (see Figure 1.6). In
addition, emission of hydrogen halide into the combusfion zone (the flame) leads to
radical chemistry such as H- + HCl H2 + CI- and HO + HCl H2O + CI-.
These relatively stable halogen radicals slow the combustion process, reduce heat
12
Figure 1.6: Char formation reactions for poly(vinyl chloride).
generation, and interrupt the combustion cycle. This effect is restricted to chlorine and
bromine. Fluorine forms strong bonds with carbon and is not released during
combustion, and iodine-carbon bonds cleave at temperatures too low to be useful.
Fire-performance studies on poly(vinyl chloride) (PVC) report a char yield of
15% at 500 "C^^"^^ and a heat release capacity of 138 J/g K.^^ Cone calorimetry
indicates a heat release rate of 50.5 kwW,^'' while reported LOI's range from 42-
4y 23,25-27 poiy(vinylidene chloride) (PVDC), poly(vinylidene fluoride) (PVDF), and
poly(vinyl bromide) (PVB)^^ exhibit similar fire-resistant behavior. PVDC and PVDF
were tested to have LOFs of 60 and 45 respectively with char yields of 30% and 20% at
500 °CP A separate report claimed a char yield of 7% for PVDF and a heat release
capacity of 311 J/g-K.^° Polytetrafluoroethylene (PTFE), with an LOI of 95^^ and a heat
release capacity of 35 J/g K,^° is among the best of all polymers tested with the PCFC
technique. PTFE exhibits exceptional fire-resistance despite its inability to eliminate
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fluorine and form char. The fire-resistance of PTFE is clearly due to the fact that it
contains no hydrogen and thus supports the assertion that lower hydrogen content leads
to lower flammability. In contrast, poly(vinyl fluoride) has an LOI of llP and thus is
not fire-resistant since it has no char-forming mechanism (3% char),^^ contains
substantial hydrogen, aind lacks a labile halogen to inhibit combustion.
While having good fire-resistance, PVC is limited in its application due to its
brittle nature. In addition, its high chlorine content poses an environmental hazard, and
studies have indicated its tendency to yield toxic dioxins during burning.^ Nevertheless,
the dehydrohalogenation £ind char forming tendency of PVC illustrates the utility of
favoring unsaturation in polymer chemical structures, and this topic is explored in the
next section.
1.5.2 Unsaturated Hydrocarbon Polymers
Carbon-based polymers with a high degree of saturation, such as polyethylene
and polypropylene, are extremely flammable. In the case of PVC, char-inducing
dehydrohalogenation reactions compete with chain scission. Saturated hydrocarbon
polymers, on the other hand, cannot produce unsaturation within its backbone. For
these polymers dehydrogenation reactions are unfavorable and char formation does not
occur. Thus, chain scission dominates. As a result, combustion of polyethylene is
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clean, resulting in no char formation and a heat release capacity of 1676 J/g K, the
highest of all polymers tested by PCFC. However, simply introducing unsaturation into
hydrocarbon polymers should increase fire-resistance as aromatization and crosslinking
can compete with chain scission in a manner similar to PVC.
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Research efforts on the fire performance of unsaturated polymers has been
limited to date. However, char formation provides some insight for such polymers. For
example, Thermogravimetric Analysis (TGA) of polyacetylene by Ito, et ai, reveals t
37% char yield when heated to 500 °C. Analysis of the pyrolysis products indicated the
primary component of mass loss to be benzene, which indicates that both chain scission
and char formation/aromatization occur.
Polymers with further unsaturation might be expected to have similar or perhaps
improved properties. Poly(p-phenylene) (???) was shown to have 93% char yield upon
30
heating to 900 °C under nitrogen. Bromide terminated hyperbranched polyphenylene
gave -50% char at 900 °C.'' The mass loss was completely accounted for by evolution
of hydrogen bromide gas. While no char yields were reported, researchers have shown
poly(phenylene vinylene) (PPV) and poly(phenylene ethynylene) (PPE) to be efficient
carbon film producers when heated to extremely high temperatures (>1700 °C). ??E,
with its greater unsaturation, proved to be a more effective carbon-former than ??V.
The trend here is clear; increased unsaturation, specifically of the phenyl and ethyne
variety, correlates to greater char yields and likely improved fire-resistance. Of course,
for applications in materials science, especially construction materials, the polymers
must not only have excellent fire performance, but also be easily synthesized and
processed at large scales and in low cost. PPP, PPV, and PPE are unlikely candidates in
this regard.
1.5.3 Polyacrylonitrile
Polyacrylonitrile (PAN) fibers are widely used as precursors to graphite fibers.
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Despite this, PAN is a flammable polymer with a low LOI of IS,^^'^"* high heat release,^^
and low char residue. To increase PAN's fire resistance, manufactures copolymerize
acrylonitrile with halogen containing monomers such as vinyl chloride, vinylidene
chloride, and vinyl bromide. The transformation of PAN to graphite occurs via a
stabilized intermediate formed upon heating to temperatures between 200-300 °C. This
stabilization step involves the polymerization of the nitrile moieties that results in the
formation of the ladder polymer shown in Figure 1.7. While this mechanistic
transformation appears very useful for anti-flammability, under the high heating rates
encountered in a fire, chain scission competes effectively with ladder polymer
formation to result in fuel evolution and burning.
Figure 1.7: Poly(acrylonitrile) as a precursor to graphite-like materials, by intra-
molecular cyclization/polymerization.
Research efforts have been directed toward developing flame-retardant fibers
using the ladder polymer shown in Figure 1.7. Such fibers, made by Ko, et al,.
exhibited inherent fire-resistant behavior with LOI's above
75.^^'^^ Thus, the increased
stability imparted by the ladder structure provides sufficient resistance to chain scission
and enables aromatization and graphitization reactions to occur. Ko, et al. report that
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these stabilized fibers may compete with poly(w-phenylene isophthalamide) (Nomex®),
a fiber with an LOI of 28^^ and heat release capacity of 52 J/g K,^^ in fire-resistant
textile manufacturing.
1.5.4 Heteroaromatic Polymers
van Krevelen has studied the correlation of heteroatom content with thermal
stability, char yield, and fire-resistance.^^ Walters and Lyon found similar relationships
based on heat release capacity rather than LOI.^^ This basic understanding has led
researches to further develop heteroatom containing fire-resistant materials. Increased
heteroatom content coupled with decreased hydrogen content provides reactive routes
that lead to char formation and decreased flammability. Table 1.3 lists the heat release
capacities and char yields of some commercially available heteroaromatic polymers.
Table 1.3: Fire-resistant properties for select commercially available heteroaromatic
polymers 20
Polymer
Poly(phenylene sulfide)
(PPS)
Poly(benzoxazole)
(PBO)
Poly(benzimidazole)
(PBI)
Polyimide
(PI)
Poly(ether imide)
(PEI)
Poly(ether ether ketone)
(PEEK)
Nomex
Structure
HR Capacity Total HR Char
—I n
?:CnD::^-
O H
11 I
'a xy
H O
I II
N-C.
(J/gK) (kJ/g) Yield (%)
165 17.1 42
42 5.4 70
36 8.6 68
25 6.6 52
121 11.8 49
155 12.4 47
52 11.7 48
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1.5.4.1 Cyclic Heteroaromatic Polymers
Cyclic heteroaromatic polymers such as poly(benzoxazole) (PBO), poly
(benzimidazole) (PBI), and polyimide (PI), fall well within the class of effective fire-
resistant polymers, as indicated by the data in Table 1.2. However, these polymers are
extremely rigid with very poor processability that renders them impractical for large-
scale uses. Efforts to improve the processability of PBO-based polymers have included
the introduction of fluorinated groups into the backbone,'*^'*' which contributed good
thermal stability and char yields of -50% at 700 °C. Researchers at General Electric
developed poly(ether imide) (PEI) under the trade name Ultem®. The incorporation of
bisphenol A into the imide backbone improved solubility and processing but
compromised fire-resistance, as the heat release capacity increased fi-om 25 J/g K for PI
to 121 J/g-K for PEI.^^
Researchers are developing methods to synthesize usable precursors to PBO and
PI. Specifically, PBO and PI are synthesized through in situ thermal elimination of
water fi-om poly(hydroxyamide)s (PHA's) and polyamic acids (see Figure 1.8 for
PHA conversion to PBO).
Poly(hydroxy amide) Polybenzoxazole
Figure 1.8: Condensation ofPHA gives the anti-flammable polymer PBO.
Recently initiated research efforts target the fire-resistant behavior of precursor
polymers to PBO and PI."*^^^ For example, Pearce examined the relationship between
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0-phenylenediamine substitution and fire-resistance in polyamides and discovered that
halogen, cyano, and nitro groups in the 4-position enhanced char formation and fire-
resistance by accelerating cyclization to benzoxazole structures.''^ The HX eliminated
upon heating dilutes the flammable vapor to reduce combustibility. LOI values
increased 10-15 units relative to the parent polymer. Yoo, et al. prepared films and
fibers from modified PHA's and poly(methoxy amide)s (PMeOA's) and investigated
their properties."*^ Copolymers possessing flexible glutaryl ester linkages lowered Tg
and enhanced the processing window but reduced char yields and fire-resistance. TGA
showed multi-step degradation in which the first step resulted from intramolecular
cyclization reactions and elimination of water or methanol. HR capacities as low as 33
J/g K were measured for a 50/50 PHA/PMeOA copolymer. Replacement of methoxy
with phosphates'*^ reduced heat release capacities to 19 J/g K.'*^ Similar findings
resulted from the study of phosphate-substituted polyamic acids that had LOI values of
67-78 and char yields of 54-63% at 850 ^C."^
Similar to PBO's and Pi's, poly(benzimidazole) (PBI) exhibits good fire-
resistance behavior as evidenced by its heat release capacity of 36 J/g K and 68% char
yield. Although no flame tests were reported, processable PBI precursors were shown to
possess similar thermal behavior with cyclization reactions producing char yields near
63% at 600 °C. 50 Recent work on similar
H HO benzimidazole structures has led to a PIPD fiber
with improved modulus (330 GPa), high damage
H OH tolerance (lending to knitted and woven fabrics).
PIPD and superb fire-resistance behavior with a peak
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heat release rate of 43.7 kW/m^ and char residue of 61% measured on the cone
calorimeter (compare to 160.4 kwW and char of 24% for Nomex® fibers).^^
1.5.5 Flame-resistant Inorganic Polymers
Since the flammability of polymers arises from their hydrocarbon composition,
fire-resistant polymers containing inorganic backbones have been studied for their
potential in fire-resistant applications. Such inorganic polymers lack a fuel component,
and thermal and oxidative stability can be enhanced. In addition, insulating ceramic
residues formed during a fire contribute to the anti-flammability of inorganic-based
polymers.
Polymers containing silicon are generally regarded as relatively fire-safe. For
example, heat release rates between 95-175 kW/m were measured for polydimethyl-
siloxane (PDMS) on the cone calorimeter.^^ PDMS is susceptible to back-biting
reactions and decomposes to cyclic oligomers (primarily trimer and tetramer) upon
53
thermal treatment under inert atmospheres; no residue forms. Under oxygen
atmosphere siloxanes oxidize to SiOi, a nonvolatile solid that serves to insulate/protect
53
the burning surface.
New efforts to increase char residue have lead to silphenylene siloxane polymers
synthesized by condensation of l,4-bis(hydroxyldimethylsilyl)benzene with vinyl
substituted bis(dimethylamino)siloxanes (Figure 1.9)^'* The presence of silphenylene
segments within the backbone precludes the intermolecular cyclization known to occur
for PDMS. Thus, 6 and 8-membered ring formation is not possible, and volatilization is
unfavorable. Indeed, methyl substituted silphenylene siloxanes give rise
to 35%
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Figure 1.9: Reaction scheme illustrating the synthesis of poly(silphenylene-siloxanes),
residues with crosslinkable vinyl substitution increasing this to near 70% in nitrogen
and nearly the same in oxygen.^'* Heat release capacities were measured as low as 71
J/g K for vinyl substituted silphenylene siloxanes. 55
Polyphosphazenes are another class of inorganic fire-resistant polymers.
Produced by post-polymerization modification of the ring opened hexachlorocycl-
ophosphazene (Figure 1.10), these polymers find uses as rubbers, membranes, polymer
conductors, liquid crystals, paints, and adhesives.^^ For commercially available disub-
stituted polyphosphazenes where R = -<Qkch^h, and ^Qkoch, , LOI values
over 40 were reported along with low smoke emission, no corrosiveness, and low
toxicity of combustion gases.^^ Heat release capacity and char yield were reported to be
204 J/g K and 20% respectively." These polyphosphazenes are highly elastomeric, and
when used as foams, an LOI of 46 resulted for these materials." Polyphosphazenes
with R = showed improved heat release capacity (45 J/g K) as well as
increased char yields (37%)." The fire-behavior of polyphosphanates is highly
dependent on the stability of the substituents, where more thermally stable side groups
participate in char formation and lower heat release capacities
55
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Figure 1.10: Reaction scheme for the synthesis of polyphosphazenes.
1.5.6 Polymers Containing Bisphenol C
Interest in polymers containing l,l-dichloro-2,2-(4-hydroxyphenyl)ethane
(bisphenol C or BPC) has been generated by recent studies that reveal their exceptional
fire-resistant behavior. BPC is prepared by an acid catalyzed condensation of phenol
and chloral, followed by a dehydrohalogenation step, as illustrated in Figure 1.11.
Bisphenol C
Figure 1.11: Reaction scheme for the synthesis of Bisphenol C.
BPC-containing polyarylates vsdth exceptional heat release capacity (as low as 18 J/g K)
and high char yield (ca. 50%) were prepared by interfacial polycondensation of BPC
with aryl diacid chlorides.^^"^^ BPC-containing polycarbonate was prepared by a similar
method that utilized triphosgene and a heat release capacity of 51 J/g-K and char yields
(ca. 50%) resulted.^^"^^ BPC polycarbonate was reported to have an LOI of 56.^ Self-
extinguishing and fire-resistant polyarylethers,^^ polyaryletherketones,^^ polyure-
thanes,^^'^^ epoxies,^^""" polycyanurates,''^ polyamides,^^ polysulphones,^' crosslinked
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elastomers, and phenolic resins incorporating l,l-dichloro-2,2-diphenylethene
moieties have also all been prepared.
The primary flame-retardant mechanisms associated with the l,l-dichloro-2,2-
diphenylethene moiety are believed to be char formation and hydrogen chloride release
upon decomposition. Investigations into the decomposition pathways for BPC
polymers have suggested that char formation may proceed through the mechanism
presented in Figure 1.12, in which fused aromatic rings are generated from diphenyl-
lf\ 77
acetylene intermediates. ' Spectroscopic studies, IR and Raman techniques, by
Factor confirm the presence of graphitic character in BPC polycarbonate and suggest
the polyaromatic char structure of Figure 1.13.64
Bisphenol C is a convenient replacement for bisphenol A in conventional
polycondensation chemistry, and fire-resistance can be obtained w^ithout significant
electron transfer
= CI
-CI2
350-450 X
- J/ %
\ //
phenyl
migration
CI
Figure 1.12: Proposed decomposition mechanism for l,l-dichloro-2,2-diphenyl ethene
containing polymers.
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Figure 1.13: Idealized char structure for bisphenol C polycarbonate.
deterioration in mechanical properties. This is represented in Table 1.4 where Tg, flex
modulus, flex strength, and tensile strain remain nearly identical between bisphenol A
and bisphenol C polycarbonates while bisphenol C polycarbonate evolves less smoke
and heat and has a higher LOI.^^'^' Clearly, further investigation into using BPC in
other BPA-based systems is worthy of pursuit. Thus, the synthesis and characterization
of novel BPC-based polymers takes considerable emphasis in this thesis. Ultimately,
however, the replacement of BPC with a non-halogenated but effective moiety provides
a striking result and conclusion to the efforts reported here.
In summary, components that induce charring are primarily responsible for the
inherent fire-resistant behavior of polymer materials. Specifically, prior work indicates
that unsaturation (especially phenyl and phenyl ethynylene) and aromatic heterocyclic
units promote high char yields and low heat release. However, no single synthetic
methodology has yet proven sufficiently versatile to address the numerous challenges
presented in engineering usable fire-resistant materials. The combination of process-
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ability, cost, and environmental considerations pose serious challenges to future
endeavors.
Table 1.4: Mechanical and fire-resistance properties of bisphenol A polycarbonate and
bisphenol C polycarbonate.^^'^^
Bisphenol A Bisphenol C
Property Polycarbonate Polycarbonate
Morphology Amorphous Amorphous
Tg ("C) 152 168
Flex Modulus (ksi) 334 336
Flex Strength (psi) 14,800 16,300
Tensile Yield Strain (%) 10 11
NBS Smoke (Dm) 165 67
LOI (%) 26 56
HR Capacity (J/g K) 390 30
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CHAPTER 2
BISPHENOL C CONTAINING POLY(ARYLETHERKETONE)S
2.1 Introduction
High-performance polymers such as poly(etheretherketone)s (PEEK),
poly(etherketone)s (PEK), and poly(ethersulfone)s (PES) (Figure 2.1) are well known
for their thermal stability. In fact, these are among the best fire-resistant polymers
available commercially with heat release capacities of 155, 124 and 1 15 J/g K and char
yields of 46.5, 52.9 and 29.3% respectively.'" Nevertheless, these heat release
capacities and char yields fall short of stringent government requirements.'^'"'^ Thus,
there is a demand for novel high-performance polymers that combine low heat release
and high char yields with the advantageous material processing properties of these
known polymers.
PES
Figure 0.1: Repeat unit structures of polyetheretherketone (PEEK), polyetherketone
(PEK) and poly(l,4-phenylene ether sulfone) (PES).
Polymers derived from l,l-dichloro-2,2-bis(4-hydroxyphenyl)ethene (bisphenol
C or BPC) exhibit exceptional fire-resistance. Thus, the inclusion of BPC into
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polymers with structures similar to PEEK, PEK, and PES may result in reduced
flammability, and in this chapter the synthesis and thermal characterization of BPC-
containing poly(aryletherketone)s are described. Furthermore, from an environmental
standpoint, it is important to note that the halogen content in BPC is much lower than
that of the highly halogenated aromatic molecules and polymers that have been targeted
as environmental hazards such as polybrominated biphenyls (PBB's) and
polybrominated diphenylethers (PBDE's).^^'^^'^°
BPC-poly(aryletherketone) was first reported by General Electric, Inc. in the
1970's.^^ The polymer was synthesized in two steps as shown in Figure 2.2. First, the
polycondensation of chloral with 4,4'-bisphenoxybenzophenone yielded 1,1,1-trichloro-
2,2-diphenyl-ethane-containing poly(aryletherketone). The l,l,l-trichloro-2,2-diphenyl-
ethane was then converted to a l,l-dichloro-2,2-diphenylethene moiety by dehydro-
chlorination in refluxing pyridine. The resulting polyether(BPC)etherketone was shown
to have a high LOI and was self-extinguishing upon ignition. Unfortunately, this
polymerization requires the use of large quantities of trifluoroacetic acid, 1,1,2,2-
Figure 2.2: Reaction scheme for preparation of BPC-poly(aryletherketone) by an
electrophilic substitution route.
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tetrachloroethane, and boron trifluoride gas. In addition, polymerization by
electrophilic aromatic substitution with acyl halides results in mixtures of ortho- and
para- catenation. Thus, a nucleophilic substitution approach was used here to provide
a more precise structure and to allow for the controlled synthesis of copolymers with
tunable BPC content. The latter will then provide data what will lead to a minimization
of the BPC used in copolymer materials with a maximization of its effectiveness.
2.2 Experimental
2.2.1 Materials
A gift of l,l-dichloro-2,2-bis(4-hydroxyphenyl)ethene was provided by Eikos,
Inc. /-Butyldimethylsilyl chloride and 4,4'-difluorobenzophenone were purchased from
Alfa Aesar, and bisphenol A was provided by Allied Signal. Imidazole, cesium
fluoride, 2,6-di-/-butyl-4-methylphenol (BHT), and A^-methylpyrrolidone were
purchased from Sigma-Aldrich. 4,4'-Difluorobenzophenone was recrystallized from
methanol. Cesium fluoride was crushed into fine particles and dried at 110 °C. N-
Methylpyrrolidone was purified by azeotropic distillation with benzene and distilled
under vacuum. Methylene chloride was distilled over calcium hydride.
2.2.2 Instruments
NMR spectra were recorded on CDCI3 solutions using a Bruker DPX-300
spectrometer: at 300 MHz and '^C at 75 MHz, referenced to residual CHCI3.
Infrared spectra were obtained on a Perkin Elmer Spectrum One FT-IR spectrometer
equipped with an ATR sampling system. HRMS-FAB data was acquired on a JEOL
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JMS 700 mass spectrometer. Molecular weights were estimated by gel permeation
chromatography (GPC) in THF relative to polystyrene standards (Scientific Polymer
Products peak-average molecular weight (Mp); 503, 700, 1306, 2300, 4760, 12,400,
196,700, and 556,000 g/mol) on a system equipped with a three-column set (Polymer
Laboratories 300; 7.5 mm, 2 Mixed-D, 50) and a refractive-index detector (Waters
R4010). Thermal gravimetric analysis was performed in a nitrogen atmosphere on a
DuPont TGA 2950 or 2050 using a ramp rate of 10 °C/min. Glass transition
temperatures (Tg) were recorded under nitrogen on the second run using a DuPont DSC
2910 differential sceinning calorimeter vvith a ramp rate of 10 °C/min. Pyrolysis-
GC/MS was performed using a Pyroprobe 2000 coupled to a Hewlett Packard 5890
Series II Plus Gas Chromatogram equipped with an HP-5MS 5% phenyl methyl
siloxane capillary column and Hewlett Packard 5972 Mass Spectrometer as the detector.
Seimples were pyrolyzed in helium from 250 to 930 °C at a heating rate of 4.3 °C/s and
eluted through the column. The signals were identified by comparing the mass spectral
pattern with those found in the software library. Heat release capacity and total heat
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release were measured using pyrolysis combustion flow calorimetry (PCFC). '
Samples of 1.0 d= 0.1 mg were pyrolyzed in nitrogen from 350 to 930 °C at a heating
rate of 4.3 °C/s using a Pyroprobe 2000 and then completely combusted at 900 °C. The
average of five runs is reported. Intrinsic viscosities were measured at 25 °C in
chloroform with a Ubbelohde viscometer.
2.2.3 Monomer Synthesis
l,l-DichIoro-2,2-bis(4-/-butyldimethyIsiloxyphenyI)ethane(l). 1,1-Dichloro-
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2,2-bis(4-hydroxyphenyl)ethene (10.0 g, 47.8 mmol), /-butyldimethylsilyl chloride
(15.0 g, 106 mmol), imidazole (13.5 g, 144 mmol) and methylene chloride (100 mL)
were added to a round bottom flask. The slurry was stirred at room temperature for 12
hours under nitrogen. The resulting mixture was extracted twice with water and once
with brine. The organic layer was dried over MgS04, filtered and concentrated by
rotary evaporation to give a brovm oil. Crystallization from methanol afforded white
crystals (12.0 g, 55%): mp 90 °C; 'H NMR 8 7.13 (d, 4H, J=8.7 Hz), 6.77 (d, 4H, J=8.7
Hz), 0.97 (s, 18H),0.20 (s, 12H) ppm; ^^C NMR 5 155.5, 140.1, 132.8, 132.0, 119.7,
117.8, 25.8, 18.4, 4.4 ppm. FTIR v 3038 (C-H aromatic, w), 2957, 2930, 2888, 2850
(C-H aliphatic, m), 1604 (C=C, s), 1569 (Cl2C=C aromatic, w), 1509 (C=C aromatic, s),
1472 (C=C aromatic, m), 1464 (C=C aromatic, w), 1258 (Si-0, s) cm"'. HRMS-FAB
m/zW calcd 508.1787, obsd 508.1771.
2,2-Bis(4-/-butyIdimethylsiloxyphenyl)propane (2). 2,2-Bis(4-hydroxyphe-
nyl)propane (bisphenol A) (5.48 g, 24.6 mmol) was treated as described above for 1 to
afford white crystals (9.87 g, 90%). 'H NMR 8 7.06 (d, 4H, J=8.7 Hz), 6.71 (d, 4H,
J=8.7 Hz), 1.61 (s, 6H), 0.97 (s, 18H) 0.19 (s, 12H) ppm; '^C NMR 8 153.5, 145.9,
127.9, 1 19.4, 41.9, 31.3, 25.9, 18.4, -4.2 ppm. FTIR v 3036 (C-H aromatic, vw), 2956
(CH aliphatic, m), 2927 (CH aliphatic, m), 2885 (CH aliphatic, w), 2856 (CH aliphatic,
m), 1606 (C=C, w), 1506 (C=C aromatic, s), 1472 (C=C aromatic, m), 1462 (C=C
aromatic, w), 1289 (w), 1257 (Si-0, vs), 1 174 (w), 1014 (vw), 910 (s), 831 (s), 810 (m),
777 (s) cm"'. HRMS-FAB m/zW calcd 456.2880, obsd 456.2861.
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2.2.4 Polymer Synthesis
Polyether(BPC)etherketone (3). To a round bottom flask equipped with a
magnetic stirbar was added 1 (0.63 g, 1.8 mmol), 4,4'-difluorobenzophenone (0.27 g,
1.8 mmol), cesium fluoride (30 mg), 2,6-di-/-butyl-4-methylphenol (1 mg), and A^-
methylpyrrolidone (3 mL). The flask was immersed in a preheated oil bath (150 °C)
and stirred under an argon atmosphere for 12 hours. The previously colorless solution
turned dark-brown within 5 minutes. The flask was removed from the oil bath, and
methylene chloride (2 mL) was added upon cooling to room temperature. The solution
was added dropwise to methanol (60 mL). The resulting solid was filtered and dried
under vacuum to give an orange powder (0.60 g, 95%). NMR (600 MHz on a
Broker Avance 600) 6 7.80(d, 4H, J=4.0 Hz), 7.30 (d, 4H, J=4.0 Hz), 7.06 (d, 4H J=4.7
Hz), 7.04 (d, 4H J=4.3) ppm; ^^C NMR 6 194.0, 160.56, 155.7, 138.9, 135.2, 132.7,
132.2, 131.2, 119.3, 117.9, 115.6, 115.3, 115.2 ppm. Anal, calcd for C27H16CI2O3: C
70.60%; H 3.51%; CI 15.44%; Found: C 70.20%; H 3.24%, CI 14.42%. This procedure
is also representative for copolymers of 1, 2 and 4,4'-difluorobenzophenone (polymers
4-9).
2.3 Results and Discussion
2.3.1 Synthesis
The synthesis of poly(aryletherketone)s using bisphenol A (BPA) has been
reported by Kricheldorf and coworkers for a series of poly(aryletherketone)s and poly-
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(arylethersulfone)s made from bis-trimethylsilyl protected BPA (see Figure 2.3).
Similariy, Thompson et al. synthesized oligo(aryletherketone)s from the sodium salt of
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TMS = trimelhylsilane R = —S
—
II
0
Figure 2.3: Reaction scheme for the Kricheldorf synthesis of bisphenol A poly(aryl-
etherketone) and (polyarylethersulfone).
BPA and 4,4'-difluorobenzophenone.^''^^ Based on this precedent and the fact that BPC
has been used previously with good success as a replacement for BPA to impart flame-
resistance to polycarbonates and polyarylates,"*^^^^'^"* the preparation of BPC containing
poly(aryletherketone)s using 1 , 1 -dichloro-2,2-bis(4-/-butyldimethylsiloxyphenyl)ethane
(1) as a BPC-precursor was performed.
Compound 1 was prepared by protection of the BPC phenols as silyl ethers
using /-butyldimethylsilyl (TBDMS) chloride as shown in Figure 2.4. The TBDMS
protecting group was chosen for its excellent stability during purification and later
amenability to deprotection and polymerization. For the purpose of preparing co-
poly(aryletherketone)s, 2,2-bis(4-hydroxyphenyl)propane (2) was prepared by the same
route from bisphenol A.
HO OH
Si-CI
imidazole
CH2CI2
25 °C
0-Si-
R = ^C=CCl2 Bisphenol C
\C—(CH3)2 Bisphenol A
R = \=CCl2
C-(CH3)2
Figure 2.4: Synthetic scheme for synthesis of l,l-dichloro-2,2-bis(4-t-butyldimethyl
siloxyphenyl)ethene (1) and 2,2-bis(4-hydroxyphenyl)propane (2).
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The A2 + B2 copolycondensation of 1 and 2 with 4,4'-difluorobenzophenone
was initiated with cesium fluoride at 150 °C in 7V-methylpyrrolidone (NMP) as shown
in Figure 2.5. The high affinity of fluoride ion for silicon results in deprotection of
silyl ethers 1 and 2. The release of TBDMS-fluoride leaves a nucleophilic phenolate
reacts with aryl fluorides via the Meisenheimer complex,^"* whereby elimination of
fluoride restores aromaticity and completes the substitution. In general, homopolymer
(3) was prepared on the 0.25-10.0 gram scale and isolated as an off-white powder.
Polymers prepared in the presence of 2,6-di-r-butyl-4-methylphenol (BHT) {vida infra)
were orange. The source of this color is unknown, and attempts to remove it by
repeated precipitations into methanol and column chromatography failed. Copolymers
containing less of 1 and more of 2 generally consisted of a whiter color than those with
greater proportions of 1. All homo- and copolymers 3-9 were isolated in high yields
(-95%) and in moderate to high molecular weights after precipitation into methanol.
While high molecular weight poly(aryletherketone)s could be synthesized from
2 and 4,4'-difluorobenzophenone in the bulk at 280 °C, polymerizations under similar
Ok XI
Si-
I
CsF
NMP
150°C '^s.
n = 1 m = 0 3
n = 0 75 m = 0.25 4
n = 0.50 tn = 0.50 5
n = 0 40 m = 0.60 6
n = 0.30 m = 0.70 7
n = 0.25 m = 0.75 8
n = 0 m = 1 9
Figure 2.5: Copolymerization of 1 with 2 and 4,4'-difluorobenzophenone results in
polymers 3-9.
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conditions using BPC failed to produce polymer; increasing temperatures to 330 °C was
of no benefit. Thus, it appears that the nucleophilicity of BPC-phenolate is lower than
that of BPA-phenolate. However, the use of the polar aprotic A^-methylpyrrolidone
(NMP) as solvent resulted in polymerization at temperatures as low as 150 It was
also observed that polymerizations performed under argon produced more consistent
results than those performed under nitrogen. These BPC-polyethers are soluble in
common organic solvents (e.g., >500 mg/mL in tetrahydrofuran, methylene chloride,
and chloroform) and produce free standing films upon solution casting onto glass slides.
Proton and carbon- 13 NMR spectroscopic measurements showed incorporation
of both monomers into the polymer product. The ^^C NMR of PEBEK is shown in
Figure 2.6. Resonances a and b provide evidence for the BPC moiety within the
polymer structure, while resonance g arises from the ketone of 4,4'-difluorobenzo-
phenone. The remaining labeled resonances represent the carbons indicated in the
a
d e
d c
e
g b a
200
<>i|MHi'W *lf»i |NI>Ni
180 160
100
ppm
Figure 2.6: '^C NMR spectrum with peak assignments for a solution of 3 in CDCI3.
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structure, while singlets near 8 115 ppm result from phenolic endgroups that are
consistent with the phenolic resonances of BPC.
To evaluate the effect of different percentages of BPC in these materials,
copolymers 4-9 were synthesized by varying ratios of 1 and 2 and use of the polymeri-
zation procedure shown in Figure 2.5. Table 2.1 lists the feed ratios used to produce
copolymers 4-9 and the level of incorporation of these monomers into the polymeric
structure as determined by integration of the polymer proton NMR spectra. The
monomer mol % within each copolymer was found to correspond reasonably well with
the feed ratios.
Table 2.1: Compositions, GPC results, and intrinsic viscosities for polymers 3-9.
1 2 BPC BPA M„ 1*1
Polymer (mol %)' (mol %)' (mol %)" (mol %)'' (g/mol) (g/mol) PDl (dL/g)
3 100 0 100 0 17000 118000 7.0 0.42
4 75 25 77 23 9900 24200 2.4 0.23
5 50 50 53 47 18000 69400 3.9 0.41
6 40 60 46 54 13000 72300 5.6 0.50
7 30 70 33 67 16500 122000 7.4 0.66
8 25 75 31 69 17900 187000 10.4 0.84
9 0 100 0 100 16600 46600 2.8 0.46
' Monomer Feed Ratio.
Incorporation into polymer as calculated from proton NMR integrations.
Molar masses for these polymers were determined by GPC using THF as the
eluent (see Table 2.1). M„ ranged from 9900 to 18000, and no correlation between
polymer composition and molar mass was identified. The range of PDI's observed,
from 2.4 to 10.4, is not consistent with classic polycondensation statistics. It is likely
that high temperatures (150 °C) and long reaction times (12-15 hours) resulted in small
amounts of crosslinking. Examination of the GPC trace for polymer 3 (Figure 2.7a)
reveals two overiapping peaks that perhaps suggests two competing reaction
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mechanisms. The GPC trace for BPA poly(aryletherketone), 9, contains no such
additional peak (Figure 2.7b).
As radical-induced crosslinking can be suppressed by radical scavengers, a few
milligrams of 2,6-di-/-butyl-4-methylphenol (butylated hydroxy toluene or BHT) was
added to a polymerization of 1 and 4'4-difluorobenzophenone. The GPC trace of
Figure 2.7c shows the absence of the high molecular weight shoulder present in Figure
2.7a, and a molecular weight distribution (PDI = 2.3) more typical of polycondensation
chemistry. PDI was reduced to 2.3. Thus, a radical polymerization mechanism may be
responsible for the high PDFs found in Table 2.1. However, for reasons unknown,
BHT addition to polymerizations to make copolymers 4-9 resulted in no discernible
effect on PDI and molar mass distributions.
16 17 19 21 23
Volume (mL)
Figure 2.7: GPC traces for a) BPC poly(aryletherketone) (3), b) BPA poly(arylether-
ketone) (9); and c) BPC poly(aryletherketone) synthesized in the presence of BHT.
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Others have suggested that radical crosslinking of BPC polymers may occur
through the l,l-dichloro-2,2-diphenylethene moiety However, radical homo-
polymerization of 1,1-diphenylethene does not occur;^^ presumably, bulky
disubstitution reduces the ceiling temperature. In addition, through radical stabilization,
1,1-diphenylethene inhibits polymerizations of other vinyl monomers.^ Thus, while
crosslinking through the more sterically hindered l,l-dichlorco-2,2-diphenylethene
moiety cannot be ruled out, there may be other explanations for this crosslinking
behavior.
An alternative mechanism to consider is crosslinking through diphenylacetylene
units that form in situ. It is known that under basic conditions and high temperatures,
diphenylacetylenes are generated from compounds containing l,l-dichloro-2,2-di-
phenylethene moieties.'^^''^' The basic conditions and high temperatures used here may
promote a small concentration of crosslinking units that lead to high molecular weight
and high molar mass distributions. Because the crosslinking occurs in such small
quantities prior to gelation, the copolymers reported here remain soluble. Gelation can
occur, however, if reaction times are increased. At this time, this is purely speculation,
and no data are yet available to support these comments.
2.3.2 Fire-resistance of BPC-containing Poly(aryletherketone)s
The data in Table 2.2 shows that char yields for polymers 3-9 increase for
polymers with higher BPC content. This is further illustrated in Figure 2.8, where char
yields are shown to increase gradually and then plateau at values of 55-60% for BPC
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content of 50 mol % or greater. Increased charring is expected to result in reduced
flammability.
Table 2.2: Thermal analysis results for polymers 3-9.
Polymer
BPC
(mol %)
Char Yield'
at 900°C (%)
HR Capacity
(J/gxK)
Total HR
(kJ/g)
Tg
(°C)
3 100 59 30 6.2 137
4 77 58 38 6.9 137
5 53 57 90 9.1 158
6 46 59 90 9.0 159
7 33 51 133 10.4 155
8 31 46 126 11.2 157
9 0 42 238 14.5 149
* Char yield determined by TGA
To evaluate this hypothesis, polymers 3-9 were analyzed by PCFC. As shown
in Table 2.2 and Figure 2.9, the heat release capacity decreased with increasing BPC
content. This decrease in heat release capacity is supported by additional
measurements, specifically by analysis of the TGA curves (Figure 2.10) for these
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Figure 2.8: Char yield increases with higher mol % ofBPC in poly(aryletherketone)s
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copolymers. The heat release rate of a material is proportional to the rate of mass loss,
which is represented by the steepness of the TGA curve during decomposition. A faster
mass loss rate leads to greater release of volatile material at any given instant, which in
turn results in a greater energy release rate during combustion. From a "fire-safe"
perspective, it is beneficial for decomposition to occur over a wide temperature range.
As shovm in Figure 2.10, poly(aryletherketone) 3, containing exclusively BPC as the
aromatic diol component, decomposes over a much broader temperature range than
poly(aryletherketone) 9, which contains no BPC. Polymer 5, inclusive of 60 mol %
BPC units, has a TGA curve that closely resembles that of 3, and hence, its heat release
capacity is much less than that of 6. Charring plays a key role in reducing heat release
capacity in that a lower quantity of volatile material is released. Thus, the copolymers
with higher char yields have reduced heat release capacities.
250-
0-H 1 '——I 1 ' 1 ' r
0 20 40 60 80 100
BPC Content (%)
Figure 2.9: HR capacity decreases with increasing BPC content for poly(arylether-
ketone)s.
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Figure 2.10: TGA curves for poly(aryletherketone)s 3, 5, and 9 showing a decrease in
rate of mass loss with increase in BPC content.
Polymers 3 and 9, containing only BPC and BPA as the bisphenol respectively,
were analyzed by Pyrolysis-GC/MS to evaluate the nature of the decomposition
products. Figure 2.11 shows the Pyrolysis-GC/MS chromatogram for BPA-containing
poly(aryletherketone), 9, as well as the corresponding peak assignments. The decomp-
osition products can be classified into five general groups: 1) combustion products,
such as water, carbon monoxide, and carbon dioxide; 2) hydrocarbons, such as benzene,
toluene, and biphenyl; 3) phenolic compounds such as phenol, 4-methylphenol,
4-
ethylphenol, and 4-(l-methylethyl)phenol; 4) BPA derivatives such as diphenyl-
methane, fluorene, 4-(phenylmethyl)phenol, 9-phenyl-9H-fluorene, and 2-(4-hydroxy-
phenyl)-2-phenylpropane; and 5) ethers and ketones such as diphenyl ether,
dibenzofiiran, 4-methyldibenzofuran, benzophenone, and 4-hydroxybenzophenone.
The
combustion products of group 1 are observed for all organic molecules as is
true for tlie
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aromatic compounds in group 2.^^'^^'^^^ Within group 3, phenol is the major decomposi-
tion product for bisphenol-derived polymers,^^'^°''°^ while substituted phenols are
believed to result from BPA moieties that have undergone chain scission reactions. The
latter may explain the lower char yields and higher heat release of BPA-containing
polymers relative to BPC-containing polymers. The decomposition products of group
4 appear to resuh from side-chain stripping of methylene units from the propyl moiety
of BPA; this likely occurs prior to chain scission. Finally, the group 5 decomposition
products likely results from aryl-ether and benzophenone linkages. All of these
products suggest the predominance of chain scission and volatilization of flammable
compounds.
The Pyrolysis-GC/MS chromatogram for BPC-containing poly(aryletherketone),
3, is given in Figure 2.12. Comparison of Figure 2.11 and Figure 2.12, shows clearly
Abundance
Tim»-> 2.0o'
'
4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 X.OO 32.00 34.00 36.00
Figure 2.11: Pyrolysis-GC/MS chromatogram and peak assigmnents for BPA-contain-
ing poly(aryletherketone), polymer 9.
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that decomposition of polymer 3 affords fewer decomposition products than polymer 9.
Decomposition products of groups 1 and 2 are, as expected, present in the
chromatogram for polymer 3. However, only small quantities of 4-methylphenol were
detected for the substituted phenols, and this may indicate a lower degree of chain
scission for BPC moieties relative to the BPA moieties of polymer 9. The group 4
bisphenol decomposition products are not found in the Pyrolysis-GC/MS chromatogram
of 3, and the majority of the remaining decomposition products are derivates of
diphenyl ether and benzophenone, including 4-fluorobenzophenone, and 4-fluoro-4'-
hydroxybenzophenone, which likely result from endgroups. Few compounds indicative
ofBPC decomposition are detected, which can be explained by the char-inducing action
ofBPC that prevents its entry into the gaseous phase.
Figure 2.12: Pyrolysis-GC/MS chromatogram and peak assignments for BPC-
containing poly(aryletherketone), polymer 3.
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In summary, the synthesis of BPC-containing poly(aryletherketone)s has been
accomplished by polymerization of silylated BPC with 4,4'-difluorobenzophenone.
These BPC-containing polymers exhibit fire-resistant properties as shown by TGA and
PCFC. Copolymers of varying BPC/BPA composition were synthesized using a
combination of silylated BPC and BPA monomers. Analysis of these copolymers
reveals that fire-resistant properties diminish when the BPC content is decreased to
about 40-50 mol %. The moderate levels of BPC needed to obtain substantial anti-
flammable properties may be much more suitable for practical fire-resistant materials
relative to polymers that contain heavily halogenated monomer or that require copious
amounts of flame-retardant additives. These BPC-containing copolymers offer
alternatives to PEEK, PEK, and PES for applications that require a coupling of
outstanding fire-resistance and practical materials properties. Also, the versatility and
ease of synthesis of these BPC-containing polymers make them viable candidates for
use in many different types of materials applications.
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CHAPTER 3
FIRE-RESISTANT SEGMENTED POLYURETHANE/UREAS
3.1 Introduction
The combustible nature of polyurethane elastomers poses a significant fire
hazard. As such, extensive research efforts have targeted improved fire-resistance for
these materials. To improve fire performance, polyurethanes are often modified by
techniques that include reactive chemical modification and additive blending with
phosphorous and/or halogenated flame-retardant compounds.'-^'*"^-'^* This gives
enhanced fire-resistance but falls well short of the extremely low heat release needed
for ultra fire-resistant materials applications.
Soft segments commonly used to prepare segmented polyurethanes include
polyethers or polyesters such as polypropylene, poly(tetramethyleneoxide), and poly(8-
caprolactone). These flexible soft-segments are responsible for the elastomeric
properties of polyurethanes, but their hydrocarbon composition imparts high flammabil-
ity. Thus, alternative fire-resistant soft-segment must be explored to reduce the flamm-
ability of polyurethanes. However, this approach can compromise critical elastomeric
and mechanical properties. A preferred method may be to use flexible units that
inherently release very little heat upon bunung.
Polydimethylsiloxanes (PDMS) are low-heat release materials"*^'^^ and are
known to be highly flexible. Silanol-terminated PDMS is not useful for polyurethane
chemistry due to facile hydrolysis of silicon-oxygen-carbon bonds. Siloxane-
containing polyurethanes have been prepared by separation of the terminal oxygen from
the silicon with an organic linking group (see Figure 3.1),'^^"'*^ More recent work has
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shown the utility of PDMS containing polyurethanes that include fire-resistant varieties
with high LOFs^'^ and low heat release rates.^^^"^^^ Nevertheless, as PDMS
decomposes by intramolecular cyclization upon heating, ""'^^ very little char forms
under inert atmospheres. Thus, the introduction of char-forming segments may further
enhance the fire-resistance of polyurethanes.
R-N=C=0 + HO Si-0 Si-OH
-•/I
Si-0--
O—Si—O-R —
^
Unstable
Stable
OH
+ HO- Si-O- Si-OH
Si—O-R
Figure 3.1: Silanol terminated PDMS results in urethanes that are unstable and easily
hydrolyzed while 4-hydroxybutyl-terminated PDMS forms stable urethanes.
To explore this, BPC/PDMS polyurethanes were prepared and studied.
Previous, related research on fire-resistant segmented multiblock polysiloxane/BPC
polycarbonates, produced by the A2 + B2 polycondensation of BPC with a,(o-dichloro-
PDMS (see Figure 3.2), was reported by Factor, et al. to afford high char yields and
LOI's. In addition, Nowakowski reported the preparation of self-extinguishing, high-
charring polyurethanes from l,l-dichloro-2,2-bis(4-chloro-3-isocyanatophenyl)-
ethene'^'' and l,l-dichloro-2,2-bis(4-isocyanatophenyl)ethene,^* but no polymeric soft
segment was used. However, no previous report has combined both the PDMS and
BPC segments into the same polymer material. In this chapter, the preparation of such
a segmented polyurethane is described, where BPC and l,l-dichloro-2,2-bis(4-isocya-
natophenyl)ethene comprise the hard segment and PDMS comprises the soft-segment.
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The fire-resistance properties of this novel polymer are evaluated and compared to
polyurethanes containing poly(tetramethyleneoxide) (PTMO), 2,4-tolylene diisocyanate
(TDI), 1 ,4-butanediol, and BPA.
Figure 3.2: Fire-resistant segmented BPC/PDMS copolymers are prepared by
condensation of BPC, a,to-dichloro-PDMS, and phosgene.
3.2 Experimental
3.2.1 Materials
l,l-Dichloro-2,2-bis(4-hydroxyphenyl)ethene was provided by Eikos, Inc and
purified by crystallization fi-om DMF/water. BPA was provided by Allied Signal and
used as received. Triphosgene was purchased from Alfa Aesar and used as received.
2,4-Tolylene diisocyanate and l,3-bis(4-hydroxybutyl)-l,l,3,3-tetramethyldisiloxane
were purchased from Sigma-Aldrich and distilled. Tetramethylammonium hydroxide,
octamethylcyclotetrasiloxane, A^-methylallylamine, 1,1,3,3-tetramethyldisiloxane, and
Karsted's catalyst were purchased from Sigma-Aldrich and used as received. Stannous
octoate was provided by Air Products under the trade name DABCO® T-9. 1,1-
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Dichloro-2,2-bis(4-aminophenyl)ethene was prepared according to the literature.'"
Tetrahydrofuran and toluene were distilled over sodium and benzophenone.
3.2.2 Instruments
NMR spectra were recorded on CDCI3 solutions using a Bruker DPX-300
spectrometer: 'H at 300 MHz and '^C at 75 MHz, referenced to residual CHCI3.
Infrared spectra were obtained on a Perkin Elmer Spectrum One FT-IR spectrometer
equipped with an ATR sampling system. HRMS-FAB data was acquired on a JEOL
JMS 700 mass spectrometer. Molecular weights were estimated by gel permeation
chromatography (GPC) in THF relative to polystyrene standards (Scientific Polymer
Products peak-average molecular weight (Mp); 503, 700, 1306, 2300, 4760, 12,400,
196,700, and 556,000 g/mol) on a system equipped v^th a three-column set (Polymer
Laboratories 300; 7.5 mm, 2 Mixed-D, 50) and a refractive-index detector (Waters
R4010). ThermEd gravimetric analysis was performed in a nitrogen atmosphere on a
DuPont TGA 2950 or TGA 2050 using a ramp rate of 10 °C/min. Heat release capacity
and total heat release were measured using pyrolysis combustion flow calorimetry
(PCFC)^^'^^'^'* where the average of five samples of 1.0 ± 0.1 mg were pyrolyzed in
nitrogen from 350 to 930 °C at a heating rate of 4.3 °C/s using a Pyroprobe 2000 and
then completely combusted at 900 °C.
3.2.3 Diisocyanate Synthesis
l,l,l-Trichloro-2,2-bisphenyIethane (10). Fuming sulfuric acid (60 mL) was
added dropwise to a cooled (ice-bath), stirring, mixture of benzene (60.0 g, 0.768 mol)
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and chloral hydrate (40.0 g, 0.263 mol). The temperature of the reaction mixture was
maintained below 10 °C during the addition. The mixture was stirred for 12 hours at
room temperature and was then poured onto ice (400 g). The resulting precipitate was
extracted with ether (150 x 3). The combined organic layers were dried over
magnesium sulfate, filtered, and then condensed by rotary evaporation. Crystallization
from methanol resulted in white crystals (69.1 g, 91 %). 'H NMR 5 7.63 (m, 4H, Ar-
H), 7.34 (m, 6H, Ar-//), 5.08 (s, IH, Ar-C//-Ar) ppm. '^C NMR 6 138.4, 130.3, 128.5,
128.1, 101.8,71.3 ppm.
l,l,l-Trichloro-2,2-bis(4-nitrophenyI)ethane (11). Compound 10 (63.0 g,
0.219 mol) was added slowly to a cooled (ice-bath), stirring mixture of nitric acid (200
mL) and sulfuric acid (400 mL), and the mixture was stirred for one hour. The reaction
mixture was poured onto ice (600 g) and then transferred to a separatory funnel.
Extraction wdth chloroform (300 mL) was performed three times. The combined
organic layers were washed with an aqueous solution of sodium hydroxide (1 N) and
then water until neutral. The organic solution was dried over magnesium sulfate,
filtered, and concentrated by rotary evaporation to provide a yellow oil. Crystallization
from acetic acid gave yellow-white crystals (34.5 g, 42 %). 'H NMR 8 8.24 (d, 4H,
J=8.8, Ax-H), 7.78 (d, 4H, J=8.8 Hz, Ar-/f), 5.33 (s, IH, Ar-C//-Ar) ppm. '^C NMR 5
147.9, 143.7, 131.3, 124.0, 99.2, 69.9 ppm.
l,l,l-Trichloro-2,2-bis(4-aminophenyl)ethane (12). Stannous chloride (153
g, 0.681 mol) in concentrated hydrochloric acid (200 mL) was added dropwise to a
refluxing solution of 11 (32.0 g, 85.2 mmol) in 96 % ethanol (300 mL). The solution
was stirred at reflux for one hour and poured into water (700 mL). Sodium hydroxide
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pellets were added to the aqueous solution until strongly basic to result in a yellowish
white precipitate. The mixture was transferred to a separatory funnel where it was
extracted with chloroform (3 x 200 mL). The combined organic layers were dried over
magnesium sulfate, filtered, and concentrated by rotary evaporation to yield a dark
yellow powder that was not further purified (20.5 g, 76 %). NMR 6 7.38 (d, 4H,
J=8.5, Ai-H), 6.63 (d, 4H, J=8.5 Hz, Ai-H), 4.82 (s, IH, Ar-C//-Ar), 3.67 (s, 4H, N//.)
ppm. FTIR V 3477 (N-H aromatic, w), 3380 (N-H aromatic, s), 3208 (N-H aromatic,
w), 3033 (C-H aromatic, w), 1619 (C=C aromatic, vs), 1513 (C=C aromatic, vs), 1274
(m), 1 186 (m), 836 (C-Cl, m), 753 (m) cm"^
l,l-Dichloro-2,2-bis(4-aminophenyl)ethene (13). Diamine 12 (20.5 g, 65
mmol) and crushed potassium hydroxide (7.30 g, 130 mmol) were added to 95 %
ethanol (225 mL), and the mixture was refluxed for one hour under argon. As 12
dissolved, a white precipitate (KCl) formed. The reaction mixture was poured onto
water (500 mL) and a brown precipitate appeared. This was extracted with methylene
chloride (3 x 200 mL). The combined organic layers were dried over magnesium
sulfate, filtered, and concentrated by rotary evaporation. Crystallization from methanol
and water provided dark yellow needles (16.3 g, 90 %). 'H NMR 6 7.06 (d, 4H, J=8.3,
Ai-H), 6.59 (d, 4H, J=8.3 Hz, Ar-H), 3.68 (s, 4H, Ar-NT/i) Ppm. '^C NMR 8 146.2,
140.5, 131.1, 130.2, 116.2, 114.5 ppm. FTIR v3438 (N-H aromatic, m), 3344 (N-H
aromatic, s), 3204 (N-H aromatic, w), 3031 (C-H aromatic, w), 2923 (C-H aromatic, w),
1606 (C=C aromatic, vs), 1509 (C=C aromatic, vs), 1268 (m), 1170 (m), 966 (w), 822
(=CCl2, m), 768 (m) cm''.
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l,l-Dichloro-2,2-bis(4-isocyanatophenyl)ethene (14). A solution of diamine
13 (6.97 g, 25.0 mmol) and triethylamine (7.3 mL, 55 nimol) in toluene (50 mL) was
added dropwise to a round bottom flask containing a solution of triphosgene (5.00 g,
17.0 mmol) in toluene (200 mL). The reaction mixture was stirred for 12 hours, filtered
to remove triethylamine salts, and concentrated by rotary evaporation to provide an
orange oil that solidified upon standing. The orange oil was distilled
(bulb-to-bulb) at 220 °C under vacuum (30 mtorr) to afford a colorless oil. This oil
solidified to a white solid upon standing (4.46 g, 54%). mp 79-80 °C. 'H NMR 5 7.23
(d, 4H, J=8.6 Hz), 7.07 (d, 4H, J=8.6 Hz) ppm. '^C NMR 8 139.6, 136.7 (NCO), 133.6,
130.9, 125.2, 124.9 ppm. FTIR v2969 (C-H aromatic, vw), 2256 (N=C=0, vs), 1605
(C=C, m) 1567 (C=C aromatic, vw), 1529 (C=C aromatic, w), 1509 (C=C aromatic, s),
1 104 (C-C-C aromatic, m), 856 (=CCl2, w) cm"'. HRMS-FAB mizW calcd 329.9963,
obsd 329.9953.
3.2.4 Polydimethylsiloxane Polyol Synthesis
a,(0-(4-Hydroxybutyl)polydiraethyIsiIoxane (-2000 g/mol) (15). 1,3-Bis(4-
hydroxybutyl)-l,l,3,3-tetramethyldisiloxane (3.18 g, 11.4 mmol), octamethylcyclotetra-
siloxane (20.0 g, 68.3 mmol), and tetramethylammonium hydroxide (10 mg) were
placed in a round bottom flask equipped with a stirring bar. The contents were stirred
for 12 hours at 80 °C and then cooled. The mixttire was transferred to a bulb-to-bulb
distillation apparattis, and heated to 135 °C to decompose the catalyst. The contents
were then heated to 135 °C under vacuum (-200 mTorr) to remove low molecular
weight and cyclic compounds and leave behind a clear, colorless, viscous liquid (20.2 g,
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890/0). 'H NMR 8 3.63 (t, J=6.6 Hz), 1.59 (m) 1.39 (m), 1.24 (s), 0.54 (m), 0.12(s),
0.05 (s,Si-(C//3)2), 1.51 ppm.
a,co-Hydropolydimethylsiloxane (-2000 g/mol) (16). 1,1,3,3-tetramethyldi-
siloxane (1.33 g, 9.90 mmol), octamethylcyclotetrasiloxane (17.4 g, 59.4 mmol), and
concentrated sulfuric acid (Ig, 5 wt %) were placed in a round bottom flask and stirred
for 12 hours at room temperature. Water (100 mL) was added, and the mixture was
extracted with hexanes (3 x 100), dried over magnesium sulfate, filtered, and
concentrated by rotary evaporation. The resulting oil was placed in a bulb-to-bulb
distillation apparatus and heated to 135 °C under vacuum (-200 mTorr) to remove low
molecular weight and cyclic compounds and result in a clear, colorless, viscous liquid
(18.0 g, 95%). NMR 6 2.72 (sep, J=2.8 Hz, //-Si), 0.19 (d, J=2.8 Hz, H-Si-(C//3)2)
0.08 (s, Si-(C//3)2) ppm.
a,(o-(3-N-Methylaiiiinopropyl)poIydimethylsiloxane and a,o)-(l-methyl-2-
A^-methylaiiiinoethyl)polydimethylsiIoxane mixture (17). A^-Methylallylamine (1.23
g, 17.3 mmol), 16 (18.0 g, 7.2 mmol), 3% Karsted's catalyst in xylene (500 ^L), and
toluene (150 mL) were placed in a round bottom flask and stirred at room temperature
for 45 minutes. The reaction mixture was then concentrated by rotary evaporation and
dried under vacuum at 70 °C. 'H NMR 6 2.72 (d, J=4.2 Hz), 2.68 (d, J=3.7 Hz) 2.5 (t,
J=7.2 Hz), 2.49 (s), 2.46 (s), 2.43 (s), 2.41 (s), 1.51 (m), 0.97 (m), , 0.21 (s), 0.11 (s),
0.07 (s, Si-(C//3)2) ppm.
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3.2.5 Polymer Synthesis
Polyurethane synthesis representative for copolymers 18-24 and specific to
17. To a round bottom flask equipped with a condenser and a magnetic stirbar was
added 14 (0.248 g, 0.749 mmol), BPC (0.0780 g, 0.375 mmol), 2000 MW PDMS-
BuOH (0.750 g, 0.375 mmol), stannous octoate (1 drop) and dry THF (3 mL). The
flask was capped with a septum and the solution was refluxed under a nitrogen
atmosphere. After 12 hours, the solvent was removed by rotary evaporation to afford a
clear rubbery solid (1 .06 g, 99%).
3.3 Results and Discussion
3.3.1 Synthesis of 14-Dichloro-2,2-bis(4-isocyanatophenyl)ethene (14)
l,l-Dichloro-2,2-bis(4-isocyanatophenyl)ethene (14) was prepared as shown in
Figure 3.2 by minor modification of a literature procedure. l,l,l-Trichloro-2,2-
bisphenylethane (10) was prepared by the Baeyer condensation of benzene with chloral
hydrate in fuming sulfuric acid and subsequent crystallization from methanol. Nitration
of 10 with a 2:1 mixture of sulfuric and nitric acid yields l,l,l-trichloro-2,2-bis(4-
nitrophenyl)ethane (11) and l,l,l-trichloro-2-(2-nitrophenyl)-2-(4-nitrophenyl)ethane
as the major products. The reaction time was kept under one hour to avoid further
nitration. Compound 11 was crystallization from acetic acid and then reduced by
stannous chloride and concentrated hydrochloric acid to give l,l,l-trichloro-2,2-bis(4-
aminophenyl)ethane (12). This crude product was subjected to an ethanolic potassium
hydroxide solution to afford l,l-dichloro-2,2-bis(4-aminophenyl)ethene (13). Crystal-
lization of 13 produced dark orange needles that when treated with triphosgene and
52
triethylamine in toluene, yielded l,l-dichloro-2,2-bis(4-isocyanatophenyl)ethene (14) as
an oil. Diisocyanate 14 was purified by Kugolrohr distillation at 220 °C under vacuum
(30 mTorr). Some decomposition occurred during distillation and 14 was isolated in
54% yield. Overall, the five step synthesis can be carried out in about 17% yield, and 5
g can be prepared without difficulty
(54%) (90%) (76%)
Figure 3.3: Synthetic scheme depicting preparation of l,l-dichloro-2,2-bis(4-iso-
cyanatophenyl)ethene (14).
3.3.2 Synthesis of Polydimethylsiloxane Polyols
a,to-(4-Hydroxybutyl)polydimethylsiloxane (15) was prepared by a literature
method using a tetramethylammonium hydroxide initiated polymerization of octa-
methyltetrasiloxane in the presence of l,3-bis(4-hydroxybutyl)-l,l,3,3-tetramethyldi-
siloxane (Figure 3.4).'^^ Polymerization occurs by an anionic "redistribution" process
whereby Si-0 linkages are continuously broken and reformed until an equilibrium state
is reached.''^ Figure 3.5 depicts the initiation and redistribution reactions. 1,3-Bis(4-
hydroxybutyl)-l,l,3,3-tetramethyldisiloxane functions as the chain transfer agent and
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ultimately the terminating endgroups. The equilibrium number average molecular
weight is determined by the monomer/chain transfer agent ratio, and PDI's are 2.0.
/
0 Si-
1 I
-Si O
/
HO.
Si-O-Si-
OH
80 °C OH
HO,
Si-0
15
Figure 3.4: Synthesis of a,co-(4-hydroxybutyl)polydimethylsiloxane (15),
Initiation
HO-
-/j^o-si:"
HO-Si—O—Si—O—Si—O—Si—
O
Redistribution
R-Si—O-Si— R' R-Si—B + 0-Si— R'
B
B= OH
0-Si—R"
Figure 3.5: Initiation and redistribution reaction mechanism for base initiated
polymerization of octamethylcyclotetrasiloxane.
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For this study, diols of type 15 were prepared with M„ of -2000 g/mol using a
6:1 monomerxhain transfer agent mixture. Bulb-to-bulb distillation was used to
remove cyclic impurity. Endgroup analysis by proton NMR (Figure 3.5) determined
M„ to be 2000 g/mol, while GPC analysis performed in tetrahydrofuran and calculated
agamst polystyrene standards resulted in M„ of 2500 g/mol
HO,
a
Si-O-
a
m3
b c
I
' ' ' '
I
' ' '
I
1 17 5 0
I '
'
' ' I
' ' '
•
I ' ' ' I
It II
Figure 3.6: Proton NMR spectra for a,(0-(4-hydroxybutyl)polydimethylsiloxane (15).
A/„ = 2000 according to integrations.
A^-Methyl allylamine terminated polydimethylsiloxane (17) was prepared
according to Figure 3.6. First, hydride-terminated PDMS (16) was synthesized by the
cationic redistribution polymerization of octamethylcyclotetrasiloxane with 1,1,3,3-
tetramethyldisiloxane in the presence of sulfuric acid catalyst. Similar to the prepara-
tion of 15, cyclic impurities were removed by bulb-to-bulb distillation.
Dihydrosiloxane 16 was then subjected to hydrosilation with A^-methyl allylamine in the
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presence of Karsted's catalyst to afford in 17, which contains both
methylaminopropyl and l-methyl-2-A^-methylaminoethyl endgroups. was deter-
mined to be 1 800 g/mol by proton NMR spectroscopy and 1 900 g/mol by GPC.
I I
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I I
0 Si—
1 I
—
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Figure 3.7: Synthesis of a,co-aminopropyl polydimethylsiloxane (17)
3.3.3 Synthesis of BPC-containing Polyurethanes
The segmented BPC-containing polyurethanes used in this study were prepared
by polymerization of a diisocyanate with a polymeric diol (polyol) and a diol chain
extender. The diisocyanates chosen for these polymers were 2,4-tolylene diisocyanate
(TDI) and "BPC-Isocyanate" 14. Hydroxy-terminated poly(tetramethyleneoxide)
(PTMO), 15, or PDMS diamine 17 was employed as the polyol, and 1 ,4-butanediol
(EDO), BPC, or BPA was used as the cham extender. Polymerizations were run in
refluxing tetrahydrofiiran (THF) solutions and catalyzed by stannous octoate as shown
in Figure 3.7. Table 3.1 summarizes the polymer compositions prepared and molar
mass results obtained by GPC analysis. In each case, the monomer molar ratio was
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3:2:1 isocyanate:chain extender:polyoL The diisocyanates and chain extenders could be
used interchangeably with no significant influence on the final molar masses.
OCN-R—NOG HO-R!-OH HO-RJ!-OH
*KJ^ R*= HO-CH^H,Oi/>i,_OH R"= kCh:CH:CH:CHJ-CH^H^^H
I +NCO 1,4-Butanediol ~i «
—
• n
Poly{tetramethyleneoxide)
MW = 2000
Ci a
14
Bisphenol A
9H) CH,
CH,
16
MW = 2000
OH
CH,
CHjNHCHjOijOl,-
-SKO
-St-CH^HiCH^HCH;
CH,
CH,
CH,
Bisphenol C
17
MW = 2000
Figure 3.8: Diisocyanates, chain extenders, and polyols used for the synthesis of poly-
urethanes 18-23.
Table 3.1: Compositions and GPC results for polyurethanes 18-23.
Chain
Polymer Diisocyanate Extender Polyol PDI
18 TDI BDO PTMO 18700 39300 2.1
19 TDI BPA PTMO 14900 36100 2.4
20 TDI BPC PTMO 9800 20300 2.1
21 14 BPC PTMO 31600 54600 1.7
22 14 BPC 15 8300 15800 1.9
23 14 BPC 17 18000 56800 3.2
Prior studies indicated that PDMS soft segments are incompatible with standard
isocyanate hard segments. In order to maintain homogeneous solutions during
polymerizations of various diisocyanates and diols with PDMS soft segments, mixed
solvent systems employing various ratios of a non-polar, aprotic solvent (Ar,A^-dimethyl-
formamide or A^,A^-dimethylacetamide) with THF were utilized depending on PDMS
content; THF alone was not a suitable solvent. However, the polymerizations reported
here proceeded well in THF, and mixed solvent systems were not needed.
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Table 1 shows polymer molecular weights between 8,300 and 31,600 for poly-
mers 18-23. However, polymers utilizing poly(tetramethyleneoxide) or 17 as the polyol
generally showed increased molecular weight compared to the polyurethanes prepared
with 15. The GPC trace for 15 given in Figure 3.8a resembles that reported by Lai, et
al. Figure 3.8b shows a lower molecular weight shoulder for 4-hydroxybutyl-
terminated-PDMS-containing polyurethane (22), which lowers the molecular weight
average. In polyurethane 21, where PTMO is used in place of 15, no low molecular
weight shoulder is present in the GPC trace as shown in Figure 3.8c.
a) b)
5 10 15 20 25 5 10 15 20 25
Elution Volume (mL) Elution Volume (mL)
c) d)
5 10 15 20 25 5 10 15 20
Elution Volume (mL) Elution Volume (mL)
Figure 3.9: GPC traces for a) a,co-(4-hydroxybutyl)-PDMS (-2000 g/mol) (15), b)
a,co(hydroxybutyl)-PDMS-polyurethane 22, c) PTMO polyurethane 21, and d)
a,(o(aminopropyl)-PDMS-polyurethane 23.
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Figure 3.10: Backbiting of 4-hydroxybutyl terminating groups on 15 affords silanol
termination.
The shoulder present on 22 may resuh from unreacted polyol formed during
polymerization with 15. Lai, et al reported on thermally induced intramolecular
backbiting reaction of 15 that eliminates a six-membered cyclic siloxane (Figure 3.9).
As a result, a silanol terminating group is produced on polymer 15, which does not
proceed to form polyurethanes {vida supra). This is evident in Figure 3.8b, where the
low molecular weight shoulder closely matches that of 15 (Figure 3.8a). Thus, the
stochiometric equivalency of 15 becomes imbalanced during the course of
polymerization, which precludes the formation of high polymer.
Wang, et al. addressed this issue through the use of amine-terminated PDMS.'^^
For this reason, A^-methyl aminopropyl terminated PDMS (17) was used to prepare
polyurethane 23. Silicon-nitrogen bonds are stronger than silicon-oxygen bonds, and
thus, backbiting reactions on 17 are not energetically favorable. Hence, the amino-
propyl endgroup remains intact throughout the polymerization and stochiometry is
maintained. The of 23 (56,800) is near that of the PTMO-containing polyurethane
21 (M^ = 54,600) and much higher than that of the 4-hydroxybutyl-terminated-PDMS-
polyurethane 15 (M^ = 15,800). hi addition, GPC analysis of 23 (Figure 3.8d) does
not show the low molecular weight shoulder present in 22; higher molecular weight
polyurethanes are obtained.
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3.3.4 Fire-resistance of BPC-containing Polyurethanes
The fire-resistance of polyurethanes containing 1 ,4-butanediol, BPA, and BPC
chain extenders (polymers 18-20) were evaluated by TGA and PCFC. Table 3.2
summarizes these data, and Figure 3.10 compares the TGA traces for the three
polyurethanes. From Table 3.2, it can be seen that the use of BPC as the chain extender
for PTMO and TDI does not affect char yield, and 20 exhibits a heat release capacity
obtained fi-om PCFC typical of flammable polyurethanes.^^ Figure 3.10 shows that the
TGA traces are not affected by type of chain extender used. Thus, in this case, the
presence of BPC did not induce charring, and with no access to this fire-resistance
mechanism, heat release capacities were unaffected. Thus, BPC chain extenders by
themselves offered no benefit to fire-resistance. It may be that during decomposition,
urethane linkages decompose to reform TDI and BPC, which volatilized prior to char
formation.
Table 3.2: Char yields, heat release capacities, and total heat release for polyurethanes
18-23.
Polymer Diisocyanate Chain Extender Polyol
Char Yield
(%)"
HR Capacity
(J/g-K)
Total HR
(kJ/g)
18 TDI BDO PTMO 1 610 27.5
19 TDI BPA PTMO 2 627 29.1
20 TDI BPC PTMO 0 664 27.0
21 14 BPC PTMO 15 105 29.0
22 14 BPC 15 21 51 27.0
' TGA at 900 °C
As seen in Figure 3.10, decomposition begins near -200 typical for poly-
127 128
rethanes, and is likely the result of urethane decomposition to isocyanate and diol.
'
Thus, the observed mass loss beyond 200 °C in the TGA curve may be due, in part, to
volatilization of TDI (b.p. 251 °C). Regardless of the exact mechanism, it is clear from
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Figure 3.11: TGA traces for TDI and Fl MO polyurethanes with 1,4-butanediol (18),
bisphenol A (19), and bisphenol C (20) chain extenders.
this study that decomposition occurs at temperatures too low to promote carbonization,
and no char is formed.
Because of this, the fire-resistance of polyurethanes incorporating 1,1-dichloro-
2,2-bis(4-isocyanatophenyl)ethene (14) was investigated. The lower volatility of 14
(220 ""C at 30 mTorr) may prevent volatilization before temperatures are reached that
permit char formation. It is expected, therefore, that inclusion of 14 will result in
increased char yields. If the l,l"dichloro-2,2-diphcnylethcne moiety present in 14 and
BPC produces char through a diphenylacetylene intermediate as discussed in Chapter 1,
then a char yield of 23% is expected. Table 3.2 summarizes the TGA and PCFC results
of polyurethanes 18-22. As seen in Table 3.2 polymer 21, consisting of 14, BPC, and
PTMO, had a char yield of 1 5%, which is about 65% of the theoretical value. PDMS-
containing 23, also inclusive of 14 and BPC, showed a slight increase in char yield to
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21%, which is 91% of the theoretical value. Thus, the presence of 14, in combination
with BPC, in the polymer structure does resuh in increased char yields in polyurethanes.
The PCFC results obtained for polymers 21 and 22 are presented in Table 3.2.
The presence of 14 in polyurethane 21 reduced heat release capacities six times to 105
J/g K relative to TDI-containing polyurethanes 18-20. The increased char yields and
evolution of non-flammable gas (HCl) that dilutes the fiiel gas must be responsible for
this reduction. Also, the use of 15 in place of PTMO ftirther reduced heat release
capacities to 51 J/g K, a value well below that of the 120 J/g-K obtained for
polyetherimide.^^
As indicated in Table 3.2, while the measured heat release capacity values for
polymers 21 and 22 are less than polymer 18, the total heat release among the three
polymers is relatively similar (27.5, 29.0, and 27.0 kJ/g, respectively). Figure 3.11
Temperature (*C)
Figure 3.12: TGA traces for TDI/l,4-butanediol/PTMO-containing polyurethane 18,
BPC-lsocyanate/BPC/PTMO-containing polyurethane 21, and BPC-
Isocyanate/BPC/PDMS-containing polyurethane 22.
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illustrates the TGA curves for polymers 18, 21, and 22 and provides insight into the
reduction of heat release capacity values for polymers 21 and 22 while the total heat
release is unaffected. The mass loss rate is provided by the slope of the TGA curves.
Polymers with a slower mass loss and more shallow TGA curves have a lower heat
release capacity. From Figure 3.11, it can be seen that polymer 18 has a much steeper
mass loss profile and as such, loses combustible gases at a much higher rate. This
contributes to a higher heat release capacity. For polymer 21, on the other hand, the
presence of BPC moieties in the polymer backbone induces slower decomposition, a
shallower slope, and an increase in char formation that results in decreased combustible
fuel evolution, and heat release capacities are reduced. For polymer 22, the PDMS
segment decomposes at a much slower rate than the poly(tetramethyleneoxide)
segment, giving a further decrease in fuel evolution and heat release capacity.
Nevertheless, the reduced rate of decomposition does not affect the total heat release,
and thus, heat release rates are reduced while total heat release remains constant.
In summary, fire-resistant polyurethane elastomers were prepared by
copolymerization of l,l-dichloro-2,2-bis(4-isocyanatophenyl)ethene (14), bisphenol C,
and 4-hydroxybutyl terminated PDMS of M„ = 2000 g/mol. These polyurethanes were
seen to possess increased char yields based on the presence of 14 and PDMS, and
substantially reduced heat release capacities compared to conventional polyurethanes
from 2,4-tolylene diisocyanate and poly(tetramethyleneoxide).
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CHAPTER 4
HALOGEN-FREE FIRE-RESISTANT POLYMERS BASED ON
DEOXYBENZOIN AND DIPHENYLACETYLENE
4.1 Introduction
The need for halogen-free fire-resistant polymers is discussed frequently in the
literature.''*'^^ However, most approaches, such as those discussed in Chapter 1, use
either phosphorous-based flame-retardants, which possess their own toxicity issues, or
rigid aromatic and heteroaromatic polymers, which have limited processability. New
synthetic methodologies that would permit the synthesis of fire-resistant polymers free
from processing constraints and environmental concerns may open new paradigms in
materials development. To that end, this chapter discusses the preparation and
characterization of new, processable fire-resistant polymers containing only carbon,
hydrogen, and oxygen atoms within their structure. As a lead-in to this topic, BPC-
based polymers are examined ftirther from a mechanistic perspective. This examination
leads to the preparation of the deoxybenzoin-based polymers described subsequently.
As discussed in Chapter 1, decomposition studies on BPC-based polymers have
suggested that char formation may proceed through a diphenylacetylene (DPA)
intermediate (see Figure 1.12).^^'^^ '^ Figure 4.1 depicts formation of a carbene from
the base-induced elimination of chlorine from BPC. Upon phenyl migration, the
carbene rearranges to diphenylacetylene. Thus, while the presence of halogen plays
into the rearrangement chemistry, it may not be primarily responsible for the fire-
resistance of BPC-containing polymers. Instead, the fire-resistance of l,l-dichloro-2,2-
diphenylethene may result from its role as a precursor to diphenylacetylene. As such, it
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follows that non-halogenated precursors to diphenylacetylene may have comparable
fire-resistance behavior given the prerequisite that such chemistries occur prior to chain
scission and volatilization.
Figure 4.1: Bisphenol C converts to diphenylacetylene via a carbene intermediate
when exposed to base.
While the use of deoxybenzoin as a monomer has not been reported previously,
the A2 bisphenolic derivative carries great potential in this regard given the rich
polymerization chemistry of BPA derived polymers, some of which may be amenable
to replacement by deoxybenzoin. In addition, the reported knovm thermal properties of
deoxybenzoin suggest its utility in fire-resistant polymer materials. For example,
Zwanenburg and coworkers have reported the conversion of deoxybenzoin to
diphenylacetylene by flash vacuum pyrolysis at 350-500 °C, a temperature range that
suggests that deoxybenzoin-containing polymers may form char prior to chain scission.
This conversion presumably occurs through the elimination of water from the
deoxybenzoin enol tautomer (Figure 4.2).
Deoxybenzoin Diphenylacetylene
Figure 4.2: Diphenylacetylene results fi-om the flash vacuum pyrolysis of deoxy-
benzoin.
65
An investigation into diphenylacetylene-containing polymers would concept-
ually serve to demonstrate their proclivity towards char formation and fire-resistance.
Hence, in Section 4.3.1, the synthesis of polyarylates derived from deoxybenzoin and
related copolymers with bisphenol A are described. Decomposition of such polymers
by char-formation is discussed, and thermal properties are investigated to determine
their efficacy in fire-resistant applications. In Section 4.3.2, the preparation of
diphenylacetylene-containing poly(aryletherketone) is described, and the fire-resistance
is compared to that of BPC-containing poly(aryletherketone).
4.2 Experimental
4.2.1 Materials
Bisphenol A, isophthaloyl chloride, terephthaloyl chloride, benzyltriethyl-
ammonium chloride, potassium ^-butoxide, cesium fluoride, A^-methylpyrrolidone, and
n-octyl bromide were purchased from Sigma-Aldrich and used as received unless
otherwise stated. Desoxyanisoin, pyridine hydrochloride, «-butyllithium (2.87 M in
hexanes), and 4,4'-difluorobenzophenone were purchased from Alfa Aesar and used as
received unless otherwise stated. Methylene chloride was washed with sulfuric acid
and distilled over calcium hydride. Tetrahydrofuran was distilled over sodium and
benzophenone. 4,4'-Difluorobenzophenone was recrystallized from methanol. Cesium
fluoride was crushed into fine particles and dried at 1 10 °C. A^-methylpyrrolidone was
purified by azeotropic distillation with benzene and distilled under vacuum.
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4.2.2 Instruments
NMR spectra were recorded on CDCI3 solutions using a Bruker AVC-400
spectrometer unless otherwise noted: 'H at 400 MHz and '^C at 100 MHz, referenced to
residual CHCI3. Infrared spectra were obtained on a Perkin Elmer Spectrum One FT-IR
spectrometer equipped with an ATR sampling system. HRMS-FAB data was acquired
on a JEOL JMS 700 mass spectrometer. Molecular weights were estimated by gel
permeation chromatography (GPC) in THF relative to polystyrene standards (Scientific
Polymer Products peak-average molecular weight (Mp); 503, 700, 1306, 2300, 4760,
12,400, 196,700, and 556,000 g/mol) on a system equipped with a three-column set
(Polymer Laboratories 300; 7.5 mm, 2 Mixed-D, 50) and a refractive-index detector
(Waters R4010). Thermogravimetric analysis was performed in a nitrogen atmosphere
on a DuPont TGA 2950 and TGA 2050 using a ramp rate of 10°C/min. Pyrolysis-
GC/MS was performed using a Pyroprobe 2000 coupled to a Hewlett Packard 5890
Series II Plus Gas Chromatogram equipped with an HP-5MS 5% phenyl methyl
siloxane capillary column and Hewlett Packard 5972 Mass Spectrometer detector.
Samples were pyrolyzed in helium from 250 to 930 °C at a heating rate of 4.3 °C/s and
eluted through the colunm. The resulting peaks were identified by comparing the mass
spectra with those in the software library. Heat release capacity and total heat release
20 S2 84
were measured using pyrolysis combustion flow calorimetry (PCFC), ' " where the
average of five samples of 1 .0 ± 0.1 mg were pyrolyzed in nitrogen from 350 to 930 °C
at a heating rate of 4.3 °C/s using a Pyroprobe 2000, and the evolved gases were
combusted with excess oxygen at 900 °C.
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4.2.3 Monomer Synthesis
l,2-Bis(4-r-butyldimethylsiloxyphenyl)ethyne (24). 1 ,1 -Dichloro-2,2-bis(4-r-
butyldimethylsiloxyphenyl)ethene (10.0 g, 19.6 mmol) was added to round bottom flask
equipped with an addition funnel and purged overnight with nitrogen. THF (50 mL)
was added, and the solution was cooled to -78 °C. «-Butyllithium in hexanes (2.87 M,
7.0 mL, 20 mmol) was added dropwise. The reaction flask was placed in an ice-bath,
and the reaction mixture was stirred for 30 minutes. The green solution was quenched
with water, and the organic portion was extracted with methylene chloride. The
combined organic layers were dried over magnesium sulfate, filtered, and concentrated
by rotary evaporation to give an orange oil. White crystals (7.94 g, 90%) were obtained
from methanol: 'H NMR 8 7.39 (d, 4H, J=8.7 Hz, Ai-H), 6.81 (d, 4H, J=8.7 Hz, Ai-H),
0.99 (s, 18H, Si-C-(C//3)3), 0.21 (s, 12H, Si-(C//3)2) ppm. '^C NMR 6 155.7, 132.8,
120.2, 1 16.3, 88.1, 26.6, 18.2 ppm. FTIR v 3041 (C-H aromatic, w), 2954, 2928, 2885,
2856 (CH aliphatic, m), 1604 (C=C aromatic, m), 1513 (C=C aromatic, s), (C=C
aromatic, w), 1471 (C=C aromatic, w), 1462 (C=C aromatic, w), 1252 (Si-0, vs) 1164
(w), 902 (s), 838 (s) 779 (s) cm"'. HRMS-FAB m/zW calcd 438.2410, obsd 438.2394.
4,4'-Bishydroxydeoxybenzoin (26). Desoxyanisoin (15.0 g, 58.2 mmol) and
pyridine hydrochloride (27.0 g, 234 mmol) were added to a round bottom flask
equipped wath a condenser and magnetic stirbar. The mixture was refluxed for 5 hours,
cooled to room temperature, poured into water, filtered, and crystallized from acetic
acid/water to afford the desired product as a white crystallme solid (8.02 g, 62%). 'H
NMR i/6-DMSO 5 7.90 (d, 2H, J=8.7 Hz, Ar-H), 7.03 (d, 2H, J=8.5 Hz, Ai-H), 6.84 (d,
2H, J=8.7 Hz, Ai-H), 6.68 (d, 2H, J=8.5 Hz, Ai-H), 4.09 (s, 2H, Ar-CO-C//-Ar) ppm.
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'^C NMR 6 196.4, 162.1, 156.0, 131.2, 130.5, 128.0, 125.7, 115.4, 115.3, 43.6 ppm.
FTIR v3340 (C-OH, vs), 3024 (C-H aromatic, w), 2895 (C-H aliphatic, w), 1664 (0=C,
s), 1591 (C=C aromatic, s), 1513 (C=C aromatic, m), 1443 (C=C aromatic, m), 1344,
1277, 1203, 1209, 1166, 826. HRMS-FAB miz [M + H]" calcd 229.0865, obsd
229.0868.
l,2-Bis(4-niethoxyphenyI)decan-l-one (27). To a solution of desoxyanisoin
(5.00 g, 19.5 mmol) in tetrahydrofuran (25 mL) under a nitrogen atmosphere was added
potassium /-butoxide (2.62 g, 23.4 mmol) in tetrahydrofliran (5 mL). The mixture was
stirred for 2 hours at room temperature. A solution of w-octyl bromide (4.07 mL, 23.4
mmol) in tetrahydrofuran (7 mL) was added, and the suspension was stirred for 3 hours.
Water (50 mL) was then added, and the mixture was extracted with ether (3 x 30 mL),
dried over magnesium sulfate, filtered, and condensed by rotary evaporation. The
resulting yellow oil was placed on silica gel and eluted with a hexane/ethyl acetate
mixture to afford a colorless oil (5.82 g, 82 %). 'H NMR 5 7.99 (d, 2H, J=8.9, Ax-H),
7.26 (d, 2H, J=8.7 Hz, Ai-H), 6.88 (d, 2H, J=8.9 Hz, Ai-H), 6.84 (d, 2H, J=8.7 Hz, Ar-
H), 7.38 (d, 2H, J=8.5 Hz, hr-H), 4.48(t, IH, J =7.3 Hz, CHz-C/Z-Ar), 3.81 (s, 3H, Ar-
O-C//3), 3.75 (s, 3H, Ar-0-C//3), 2.15 (m, IH, Ar-CH-CZ/H-CHj), 1.81 (m, IH, Ar-
CH-CH//-CH2), 1.26 (m, 12H, CH2-(C//2)6-CH3), 0.892(t, 3H, J=7.0, CH2-C//3) ppm.
'^C NMR 8 199.0, 163.3, 158.6, 132.5, 131.0, 130.1, 129.3, 114.3, 113.8, 55.5, 55.3,
52.5, 34.2, 32.0, 29.8, 29.6, 29.4, 27.9, 22.8, 14.2 ppm. FTIR v/2924 (C-H aromatic, s),
2854 (C-H aromatic, m), 1671 (C=0, s), 1599 (C=C aromatic, s), 1575 (C=C aromatic,
w), 1509 (C=C aromatic, s), 1463 (C=C aromatic, w) cm '. HRMS-FAB mIz M^ calcd
369.2430, obsd 369.2391.
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l,2-Bis(4-hydroxyphenyl)decan-l-one (28). 1 ,2-Bis(4-methoxyphenyl)decan-
1-one (5.00 g, 13.8 mmol) and pyridine hydrochloride (6.38 g, 55.2 mmol) were added
to a round bottom flask equipped with a condenser and magnetic stirbar. The mixture
was heated to 200 °C and allowed to reflux for 5 hours. The mixture was cooled to
room temperattire, poured into 100 mL water, and extracted with methylene chloride (3
X 75 mL). The organic layers were combined, dried over magnesium sulfate, filtered,
and condensed by rotary evaporation to give a dark green oil that was placed on silica
gel and eluted with methanol/methylene chloride to give a colorless, viscous oil (2.06 g,
44 %). 'H NMR 6 7.87 (d, 2H, J=8.7 Hz, Ai-H), 7.10 (d, 2H, J=8.5 Hz, Ai-H), 6.82 (d,
2H, J=8.7 Hz, Ai-H), 6.76 (d, 2H, J=8.5 Hz, Ai-H), 4.45 (t, IH, J=7.2 Hz, CH2-C//-Ar),
2.09 (m, IH, Ar-CH-C//H-CH2), 1.77 (m, IH, Ar-CH-CHiZ-CHz), 1.20 (m, 12H, CH2-
(C//2)6-CH3), 0.84 (t, 3H, J=6.9 Hz, CH2-C//3) ppm. '^C NMR 8 201.7, 161.2, 154.8,
131.9, 131.7, 129.5, 129.3, 116.1, 115.8, 52.5, 33.9, 32.0, 29.8, 29.6, 29.4, 27.8, 22.8,
14.3 ppm. FTIR v 3332 (C-OH, s), 2957, 2926, 2854, (C-H aliphatic, m), 1635 (0=C,
m), 1593 (C=C aromatic, s), 1509 (C=C aromatic, m), 1440 (C=C aromatic, m), 1348,
1292, 1277, 1231, 1209, 1166, 834. HRMS-FAB m/z W calcd 341.2117, obsd
341.2119.
4.2.4 Polymer Synthesis
Diphenylacetylene Poly(aryletherketone) (25). To a round bottom flask
equipped with a magnetic stirbar was added DPA-OSi (0.26 g, 0.59 mmol), 4,4'-
difluorobenzophenone (0.13 g, 0.59 mmol), cesium fluoride (10 mg) and A^-
methylpyrrolidone (1 mL). The flask was placed into a preheated oil bath (150 °C) and
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stirred under an argon atmosphere. Within 5 minutes the initially colorless solution
became dark-brown; within 15 minutes white precipitate was observed. The mixture
was stirred for 12 hours, cooled, and diluted with methylene chloride (3 mL). This
slurry was then poured into methanol (20 mL), filtered, and dried under vacuum to give
an off-white solid (0.2 1 g, 9 1 %).
Example polymerization to give 31 (representative of polymers 29-33). A
solution of sodium hydroxide (0.076 g, 1.90 mmol) in water (3 mL) was added to a vial
equipped with a magnetic stir bar, bisphenol A (0.100 g, 0.438 mmol) and 4,4-
bishydroxydeoxybenzoin (0.100 g, 0.438 nmiol). To this solution was added a solution
of isophthaloyl chloride (0.178 g, 0.876 rmnol) and benzyltriethylammonium chloride
(5 mg) in methylene chloride (3 mL), and the two phases were mixed vigorously for 30
minutes. The mixture was then poured into acetone (50 mL), filtered, and washed with
water (3 x 25 mL) and acetone (3 x 25 mL) to afford a white powder (0.298 g, 96%).
NMR 5 9.00 (s, 2H, isophthaloyl aromatic), 8.45 (m, 4H, isophthaloyl aromatic),
8.14 (d, 2H, J=8.5 Hz, Ai-H), 7.69 (m, 2H, Ai-H), 7.38 (d, 2H, J=8.5 Hz, Ai-H), 7.34
(d, 2H, J=8.5 Hz, Ai-H) 7.32(d, 4H, J-8.6 Hz, Ar-H), 7.24 (d, 2H, J=8.5 Hz, Ar-i:^,
7.17 (d, 4H, J=8.6 Hz, Ai-H), 4.34 (s, 2H, A1-CO-CH2-A1), 1.73 (s, 6H, Ar-C(C//3)2-
Ar) ppm. ^^C NMR 8 196.2, 164.5, 164.4, 163.9, 154.7, 150.0, 148.9, 148.8, 148.5,
148.4, 135.5, 135.2, 134.5, 132.5, 132.3, 132.0, 131.9, 130.9, 130.8, 130.7, 130.6,
130.5, 130.1, 129.9, 129.4, 129.3, 128.2, 122.2, 122.0, 121.9, 121.2, 117.4,
114.1,45.0,
42.8, 31.2 ppm. FTIR v3069 (C-H aromatic, w), 2969 (C-H aliphatic, w), 1734 (0=C,
s), 1683 (0=C, m), 1599 (C=C aromatic, m), 1504 (C=C aromatic, m), 1296, 1191,
1160, 1059, 1015, 718 cm"^
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Polymerization to give 34. Isophthaloyl chloride (0.178 g, 0.877 mmol) was
polymerized with 2 (0.297 g, 0.877 mmol) using the above procedure given for polymer
3 to afford a white powder (0.390 g, 95%). 'H NMR 8 8.96 (s, IH, At-H), 8.43 (m, 2H,
Ai-H), 8.08 (d, 2H, J=8.2 Hz, Ar-H), 7.67 (m, IH, Ai-H), 7.41 (d, 2H, J=8.2 Hz, Ai-H),
7.31 (d, 2H, J=8.2 Hz, Ai-H), 7.20 (d, 2H, J=8.2 Hz, Ai-H), 4.59 (t, IH, J=6.7 Hz, Ar-
CO-C//-Ar), 2.20 (m, IH, Ar-CH-CMI-CHi), 1.9 (m, IH, Ar-CH-CH/Z-CHz), 1.24 (m,
12H, CH2-(C//2)6-CH3), 0.87 (t, 3H, J=6.9 Hz, CH2-C//3) ppm. '^c NMR 5 198.9,
164.2, 163.7, 154.4, 149.9, 137.6, 135.4, 135.1, 134.9, 132.1, 132.0, 131.9, 130.6,
130.4, 130.1, 130.0, 129.5, 122.2, 122.0, 53.2, 34.5, 32.0, 29.8, 29.6, 29.4, 27.9, 22.8,
14.3 ppm. FTIR v3075 (CH aromatic, w), 2925 (CH aliphatic, m), 2854 (CH aliphatic,
w), 1739 (0=C, s), 1682 (0=C, m), 1598 (C=C aromatic, m), 1504 (C=C aromatic, m),
1295, 1192, 1159, 1059, 1015, 718 cm^^
4.3 Results and Discussion
4.3.1 Deoxybenzoin-containing Polyarylates
4.3.1.1 Synthesis of Deoxybenzoin-containing Polyarylates
4,4'-Bishydroxydeoxybenzoin (26) was prepared by demethylation of desoxy-
anisoin in refluxing pyridine hydrochloride.'^^ As illustrated in Figure 4.3, compound
26 was used in an A2 + B2 polymerization with isophthaloyl chloride under interfacial
conditions to provide deoxybenzoin-containing polyarylates. Interfacial conditions
were chosen for this polymerization because of their propensity to produce high
molecular weight polyarylates with BPA and BPC.^^*^^ The reaction was performed
first by in situ conversion of 26 to its disodium salt followed by addition of isophthaloyl
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chloride in methylene chloride. For the polymerization, benzyltriethylammonium
chloride was employed as a phase transfer catalyst. Copolymers incorporating BPA and
26 were prepared in a similar fashion, and the polymer compositions and molecular
weights obtained in these studies are given in Table 4.1.
R= H
R = CaHiy
26
28
^ //
X ^ A NaOH/HzOOH + CI^V^Y^CI
L J EtsBzNCI/CHzClz
R = H 29-33
R= C8H,7 34
Figure 4.3: Synthesis of deoxybenzoin- and BPA-containing copolyarylates by
interfacial polymerization.
Polyarylate 29, containing solely 26 as the bisphenol, precipitated during the
course of polymerization and was insoluble in organic solvents such as methylene
chloride, 1,3,4-trichlorobenzene, A^,A^-dimethylformamide, tetrahydrofuran, and
acetone. However, copolymerization reactions that employed a 2:1 molar ratio of
deoxybenzoin to bisphenol A and a bisphenol :isophthaloyl chloride ratio of 1:1 gave
soluble polymers that could be characterized by chromatographic and spectroscopic
methods. The solubility increased with bisphenol A content; polymer 30 is soluble in
chloroform at ca. 30 mg/mL while polymer 32 has solubility in chloroform of >60
mg/mL.
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Table 4.1: Compositions, solubilities, and GPC results for deoxybenzoin-containing
polyarylates 29-32, BPA polyarylate (33), and l,2-bis(4-hydroxyphenyl)decan-l-one
containing polyarylate (34).
zo Zo 26
Polymer (mol %)" (mol %f (mol %f (mol %)'' Solubility PDI
29 0 100 0 na na na na
30 33 66 0 65 + 10600 15800 1.5
31 50 50 0 54 + 15300 27000 1.8
32 66 33 0 32 + 23000 46900 2.0
33 100 0 0 0 + 26800 55400 1.8
34 0 0 100 na + 10000 26600 2.7
' Monomer Feed Ratio.
Monomer incorporation of26 into polymer as calculated by proton NMR integrations. Remainder is BPA.
Normalized to total bisphenol content.
The choice of diacid chloride influenced the solubility of the resulting polymer.
BPC and BPA are often polymerized with mixtures of terephthaloyl chloride and isoph-
thaloyl chloride to afford soluble material. However, for deoxybenzoin-containing
polymers, 1:1 copolymerization of BPA and 26 with 1:1 terephthaloyl/isophthaloyl
chloride resulted in insoluble material. In light of this, all of the polyarylates reported
here contain isophthaloyl chloride exclusively. A detailed investigation of acid chloride
structure and polymer properties was not undertaken.
The combination of the insolubility of polymer 29 with opportunities for a-
ketone substitution led to the preparation of an alkylated deoxybenzoin derivative.
Furthermore, substituted polymers of this type may provide insight into the
decomposition mechanism for deoxybenzoin-containing polymers {vida infra). 1,2-
Bis(4-hydroxyphenyl)decan-l-one (28) was synthesized in two steps beginning with
addition of the «-octyl side-chain by reaction of the desoxyanisoin enolate with «-octyl
bromide in tetrahydroftiran to afford l,2-bis(4-methoxyphenyl)decan-l-one (27)
(Figure 4.4). Bisphenol 28 was then prepared by treatment of 27 with pyridine
hydrochloride, similar to the preparation of 26, but with purification by
column
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chromatography. Polymerization of 28 with isophthaloyl chloride gave polymer 34
using the same interfacial conditions used for polymers 29-33. However, unlike the
des-«-octyl case, polymer 34 remained soluble throughout the polymerization and
characterization; no BPA comonomer was needed to induce polymer solubility.
H3C0
0CH3
1)KOf-Bu
2) n-bromooctane
THF
H3CO
OCH3
pyridine-HCI
Figure 4.4: Synthetic scheme for preparation of l,2-bis(4-methoxyphenyl)decan-l-one
(27) and l,2-bis(4-hydroxyphenyl)decan-l-one (28).
The soluble polymers obtained in this study were aneilyzed by gel permeation
chromatography (GPC) with tetrahydrofiiran as the mobile phase. A/„ values ranged
from 10,000 to 23,000, with PDI's between 1.5 and 2.7. Molecular weights and
polydispersities increased with bisphenol A incorporation. The shapes of the molecular
weight distributions were near Gaussian, and residual small molecules were removed
effectively by precipitation mto acetone. Figure 4.5 shows the GPC trace for polymer
31 as an example.
Proton NMR spectroscopy of copolymers 30-32 shows ratios of 26 and
bisphenol A in accord with feed ratios (Table 4.1). Figure 4.6a shows polyarylates 31
as an example. The singlet at 8 1.73 ppm is indicative of the BPA methyl groups, while
the resonance centered at 5 4.34 ppm reflects the methylene group of deoxybenzoin.
Isophthaloyl groups are seen from aromatic resonances at 6 9.00, 8 8.46,
and 8 7.68
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Figure 4.5: GPC chromatogram of copolyarylate 31 (50:50 deoxybenzoin/BPA). M„
= 15300, = 27000, and PDI= 1.8.
ppm; these are separate from other signals within the aromatic region and are consistent
with BPA and 26.
The '^C NMR spectrum of 31 (Figure 4.6b) shows a signal at 6 196.2 ppm for
the carbonyl group and signals at 5 31.2 and 45.0 ppm for the methyl and methyne
groups of BPA, respectively. A signal at 6 42.8 ppm is assigned to the a-ketone
methylene group. The remaining signals in the aromatic region are consistent with
signals from BPA, deoxybenzoin, and isophthaloyl units. The '^C NMR spectrum peak
intensities are in qualitative accord with monomer feed ratios.
76
a)
I. I
' ' I ' ' ' ' I
' ' ' '
I
' ' '
I
' ' '
I
' ' '
I
00 10 rO AO BO 40
I
' ' '
t
' '
I
10 30 10
b)
iiiiiniiyi<ii>*»pi
[ I
1 1
r 1—T——I—
r
lU 100
Figure 4.6: Proton (a) and carbon 13 (b) NMR spectra of a solution of polymer 31 in
CDCI3.
4.3.1.2 Thermal Properties of Deoxybenzoin-containing Polyarylates
The conversion of deoxybcn/oin to diphenylacetylene moieties in these
polymers is expected to lead to char yields that increase with deoxybenzoin monomer
content. In Figure 4.7, a char formation mechanism is proposed, whereby the enol
tautomer of the deoxybenzoin moiety eliminates water to afford diphenylacetylene
moieties that subsequently form fused aromatic rings and char. Figure 4.8 shows TGA
analysis of polymers 29-31 and illustrates increasing mass loss rates with
decreasing
deoxybenzoin content. As is also listed in Table 4.2 char yields obtained
from these
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curves at 900 °C increase with deoxybenzoin content. Figure 4.9 plots char yield as a
function of the relative mol % of 26 within the polymer. Char yield remains relatively
constant at <20 mol % 26. Between 20 and 60 mol % of 26, char yield increases rapidly
until reaching a plateau value near 39% char.
R R
Figure 4.7: Mechanism of char formation for deoxybenzoin polymers.
Table 4.2: Heat release capacity, total heat release and char yield of polyarylates 29-
34.
26 28 HR Capacity Total HR Char Yield
Polymer (mol Vof (mol %) (J/g-K)^ (kJ/g/ (%)'
29 100 0 81 10.6 40.0
30 65 0 107 11.1 39.2
31 54 0 120 12.4 36.6
32 32 0 156 13.6 22.7
33 0 0 459 19.1 18.6
34 0 100 284 20.1 13.3
" Measured by Pyrolysis Combustion Flow Calorimetry
^ Measured by Thermogravimetric Analysis at 900 °C
Polymer 33 is BPA-containing polyarylate
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Figure 4.8: TGA curves for polymers 29-33. Char yields increase with deoxybenzoin-
content.
40-
35-
03 25-
20
15-T
0 20 40 60
26 (relative mol %)
"T"
80
r
100
Figure 4.9: Plot of relative mol % of 26 vs, char yield in copolyarylates 29-33.
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It is evident from the plot in Figure 4.9 that increasing amounts of
deoxybenzoin in these copolyarylates results in increased char yield. The plateau at 40
% char yield is not yet understood. It seems that at least some of the deoxybenzoin
units are lost due to chain scission and volatilization. Nevertheless, the impact of 26 is
clear from these studies, and future work carried on by others will be directed towards a
better understanding of this effect.
Pyrolysis-GC/MS was used to better understand the decomposition mechanism
of polymer 29. The resulting chromatogram and peak assignments are presented in
Figure 4.10. Phenol is seen as the major product of decomposition. This, along with
the presence of benzaldehyde, 4-hydroxybenzaldehyde, and 4-methoxybenzaldehyde,
suggests the occurrence of chain scission at the carbonyl and methylene sites within
deoxybenzoin, which competes with char formation. Also, the identification of
OH
Figure 4.10: Pyrolysis-GC/MS chromatogram of deoxybenzoin polyarylate (29) with
select peak assienments.
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desoxyanisoin indicates that monomer units may be released during decomposition.
Decomposition and volatilization of BPA is known for BPA polyarylate but not for
BPC polyarylate.^^ Decomposition and volatilization to produce 26 was not observed;
however control experiments showed that 26 could not traverse the GC column under
the prescribed conditions. Carbon dioxide, benzene, and biphenyl, known decomposi-
tion products of BPA and BPC polyarylates,^^''"^ resuh from decomposition of
isophthaloyl groups. Other decomposition products appear as expected and include
water, carbon monoxide, benzoic acid, 4-hydroxybenzoic acid, and 4-
hydroxybenzophenone.
Table 4.2, shown previously, summarized heat release capacity and total heat
release obtained by PCFC for polymers 29-34. Figure 4.11 provides an example of the
data obtained from PCFC and shows a plot of heat release vs. time for polymers 29, 33,
490
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o
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Figure 4.11: Plot of heat release vs. time for polymers deoxybenzoin-containing
polyarylates (29), BPA-containing polyarylates (33), and octylated-deoxybenzoin-
containing polyarylates (34). Peak maxima represent heat release capacity values.
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and 34. The reported heat release capacity values are the peak maxima. As seen in
Table 4.2, heat release capacity decreases with increasing mol % of 26. For example,
polymer 29 gave a heat release capacity of 81 J/g K, which is substantially less than 459
J/g-K (for BPA polyaryate 33) but greater than 51 J/g-K^^ (measured for BPC
polyarylate). Heat release capacity increases slowly with increasing incorporation of
the combustible BPA segments. Polymer 31, containing 54 mol % of 26 as the
bisphenol component, gave a heat release capacity of 120 J/g K, a value equivalent to
that of polyetherimide and sufficient for fire-resistant applications.^" Thus,
deoxybenzoin significantly impacts heat release and, therefore, fire-resistance when
incorporated into polymers, and greater incorporation resuUs in a corresponding effect.
A number of new polymers can be envisioned through the use of bisphenolic
deoxybenzoin, and tailored polymers can be envisioned by functionalization of 26 at the
methylene group alpha to the ketone group. Alkyl chain substitution described
previously gave soluble polymer 34, but it may also inhibit conversion of deoxybenzoin
moieties to diphenylacetylenes. Table 4.2 reports 13.3% char yield for polymer 34.
Correcting for the mass of the non-char-forming octyl side chain gives a char yield of
17.5% that can be directly compared to polymer 29 (40% char yield). Therefore, the
decomposition mechanism of polymer 34 likely resembles that of BPA-polyarylate 33,
which has a char yield of 18.6%; chain scission dominates. Thus, since octyl side
chains likely inhibit char-formation through prevention of diphenylacetylene formation,
these results support the decomposition mechanism presented in Figure 4.7.
Figure 4.11 plots the heat release versus time for polymers 29, 33, and 34
during PCFC analysis and shows a broader, flatter peak for polymer 34 relative to that
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of polymer 33. This results in a reduction in the heat release capacity, which is the peak
maximum, and suggests that the fire-resistance of polymer 34 is not greatly reduced by
addition of the combustible octyl side chain. However, total heat release, given by peak
integrations, is greater for polymer 34 as expected.
4.3.2 Diphenylacetylene-containing Poly(aryletherketone)
4.3.2.1 Synthesis of Diphenylacetylene-containing Poly(aryletherketone)
If BPC-containing polymers decompose through a diphenylacetylene
intermediate, then it follows that analogous diphenylacetylene-containing polymers may
exhibit fire-resistance. To investigate this, diphenylacetylene poly(aryletherketone) 25
was prepared by a polymerization method identical to that of BPC-containing
poly(aryletherketone) (3) prepared m Chapter 2. Specifically, l,2-bis(4-/-butyldi-
methylsiloxyphenyl)ethyne (24) was synthesized and used in a polymerization with
4,4'-difluorobenzophenone (Figure 4.12). The synthesis of monomer 24 proceeds
efficiently and in good yield (ca. 90%) when l,l-dichloro-2,2-bis(4-/-butyldimethyl-
25
Figure 4.12: Synthetic scheme for the preparation of 1 ,1 -dichloro-2,2-bis(4-/-butyldi-
methylsiloxyphenyl)ethene (24) and diphenylacetylene poly(aryletherketone) (25).
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siloxyphenyl)ethene is treated with «-butyllitium at -78 °C in tetrahydrofuran.
Polymer 25 precipitated from the reaction mixture as a white solid. This solid
was filtered and washed with methylene chloride and was found to be insoluble in
acetone, tetrahydrofuran, 7V,7V-dimethylformaide, dimethylsulfoxide, 1,2,4-
trichlorobenzene, chloroform, and other common solvents. This insolubility precluded
characterization by GPC or NMR spectroscopy. However, Raman spectroscopy (see
Figure 4.13) performed on the solid showed the presence of symmetric carbon triple
bonds. Unfortunately, molecular weight and other structural characterization are not
possible at this time.
c
c
3000 2500 2000 1500
Wavenumbers (cm'^)
Figure 4.13: Raman spectrum of diphenylacetylene poly(aryletherketone) (25)
indicates presence of symmetric carbon triple bonds.
4.3.2.2 Fire-resistance of Diphenylacetylene poly(aryletherketone)
The fire-resistance of the solid material presumed to be polymer 25 was
determined by TGA and PCFC. Figure 4.14 compares the TGA curves for BPC-
containing poly(aryletherketone) (3) and polymer 25. These show nearly identical mass
loss profiles, which suggest similar decomposition mechanisms. In addition, similar
char yields are observed as given in Table 4.3. Table 4.3 also summarizes the thermal
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Figure 4.14: TGA curves for BPC poly(aryletherketone) (3) and diphenylacetylene
poly(aryletherketone) (25).
results for heat release capacity and total heat release as measured by PCFC. Polymer
25 is slightly better than polymer 3 in terms of both heat release capacity and total hea t
release. These similarities suggest that 25 and 3 undergo similar decomposition during
pyrolysis and provides support for the notion that diphenylacetylene intermediates form
during thermal decomposition of BPC-containing polymers.
Table 4.3: Thermal analysis data comparing char yield, heat release capacity, and total
heat release for BPC poly(aryletherketone) (3) with diphenylacetylene poly(arylether-
ketone) (25).
Char Yield HR Capacity Total HR
Polymer (%)' (J/g-Kf (kJ/g)"
3 59 30 6.2
25 66 24 5.3
' Measured by Pyrolysis Combustion Flow Calorimetry
Measured by TGA at 900 °C
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The Pyrolysis-GC/MS chromatogram for diphenylacetylene-containing
poly(aryletherketone) 25 is given in Figure 4.15. The major decomposition products
are phenol (common for bisphenol polymers), diphenylether, and 4,4'-difluorobenzo-
phenone. Signals for dibenzofuran, 4-fluorobenzophenone, benzophenone, 4-fluoro-4'-
hydroxybenzophenone, and 4-hydroxyphenylbenzophenone originate from decomposi-
tion of the benzophenone portion of the polymer. 4-Fluorobenzophenone and 4-fluoro-
4'-hydroxybenzophenone likely result from decomposition of endgroups. There are
few identifiable decomposition products from diphenylacetylene (4-methylphenol,
biphenyl, and diphenylmethane are observed in very small quantities). This indicates
that diphenylacetylene fragments did not volatilize but rather remained within the char
phase. In direct comp£irison of Figure 4.15 with the Pyrolysis-GC/MS chromatogram
for BPC-poly(aryletherketone) (3) (Figure 2.12), nearly the same decomposition
Figure 4.15: Pyrolysis-GC/MS chromatogram with peak assignments for diphenyl-
acetylene poly(aryletherketone) (25).
86
products are identified. Thus, these polymers likely decompose by similar mechanisms,
and this further supports the hypothesis that BPC-containing polymers decompose
through diphenylacetylene intermediates.
As 25 cannot be processed by conventional techniques, its suitability for wide-
spread use is limited. However, since BPC may provide a soluble precursor to
diphenylacetylene and as has been demonstrated in Section 4.3.1 for deoxybenzoin-
containing polymers, it seems likely that other precursors to diphenylacetylene may be
used to prepare fire-resistant polymers with high char-formation.
In summary, halogen-free, fire-resistant copolyarylates were prepared by
interfacial copolymerization of isophthaloyl chloride and a variety of relative ratios of
the diphenols 4,4'-bishydroxydeoxybenzoin (26) and BPA. The fire-resistance of these
polyarylates was explored by TGA and PCFC, and char yields of nearly 40 % were
observed. Char yields at this level are twice that of BPA-containing polyarylate. This
demonstrates the role of deoxybenzoin in enhancing char formation, which translates
into excellent fire-resistant behavior as determined by the low heat release capacities
measured by PCFC.
Halogenation, often used to effect fire-resistance in materials, is eliminated
entirely. While the present studies already indicate the special nature of this previously
unused bisphenolic monomer in fire-safe polymers, the future of such materials is wide
open for exploration. In addition, the bisphenolic nature of 26 makes it amenable to a
wide variety of polycondensation chemistries as a BPA substitute. Finally, substitution
at the methylene group of deoxybenzoin at the monomer or polymer
stage offers
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effective and creative options to tailor deoxybenzoin polymers for many future
applications.
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CHAPTER 5
FIRE-RESISTANT MATERIALS BASED ON HYPERBRANCHED
POLYMERIC ADDITIVES AND PHASE-SEPARATION DURING
PROCESSING
5.1 Introduction
As described in Chapter 1, the addition of small molecular flame-retardants to
polymers is common practice. Drawbacks to this approach include the need for high
loadings, which can adversely affect mechanical properties, and leaching of flame-
retardants, which reduces effectiveness and poses an environmental hazard.
Polymer flame retardant additives can alleviate some of these disadvantages. By
using molecules with significant molecular weight, both mechanical property
degradation and leaching can be greafly reduced. However, high loadings are still
necessary to effect fire-resistance, and the resulting polymer blends may no longer have
the desired properties. The discovery of methods and materials that permit effective
flame-retardancy at low loading levels would by ideal.
Since the burning of polymers is a surface phenomenon, the isolation of flame-
retardants at the material surface may be sufficient to arrest combustion. This would
lead to lowered loading and allow for a preservation of the properties inherent to the
chosen bulk polymer.
Branched polymer additives are known to segregate to the surface of branched
and linear polymer blends. Walton and Mayes performed a self-consistent mean-field
study on branched pol)miers in a chemically identical linear matrix and found a surface
segregation of the branched additive caused by an increase in the number of chain ends
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per polymer and configurational entropy relative to the linear component.'^' Steiner, et
al. observed this experimentally for polyolefm blends where one component was more
highly branched than the other. Mackay and coworkers reported the surface
migration of C16-alkane functionalized Boltom®, a hyperbranched aliphatic polyester,
during its extrusion as a blend with linear low density polyethylene (LLDPE).
Quantities as low as 0.5 wt% were sufficient to influence surface properties as
demonstrated by a reduction in blend viscosity and "shark-skinning" during extrusion of
fibers and films. Recently, Moore and coworkers observed surface segregation of a
hyperbranched PEI in poly(ethylene terephthalate) (PET), but no rheological effect was
observed.
This surface migration of hyperbranched polymers holds promise for the
placement of functionality at the surface of a material. Figure 5.1 illustrates this
concept for hyperbranched, flame-retardant polymers. A proper study of this topic
requires a 3-phase investigation: 1) the synthesis of flame-retardant hyperbranched
polymers, 2) the development of a method or methods to prepare materials containing
Extrusion with
linear polymer
Flame-retardant Hyperbranched
Polymer (HBP)
= HBP
Fiber Cross-Section showing
surface coating of HBP
Figure 5.1: Extrusion of a blend containing a flame-retardant hyperbranched
polymer
and a linear bulk polymer results in the surface segregation of the
hyperbranched
component.
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these hyperbranched flame-retardants as surface active components, and 3) a
demonstration of the effectiveness of this approach through thermal characterization. In
this chapter, phase 1 is addressed by the preparation of hyperbranched polyphenylenes
and BPC-containing hyperbranched polyether (HB-BPC), followed by an evaluation of
their fire-resistant properties. Phase 2 will be briefly discussed for HB-BPC. Phase 3
will not be addressed here, but may be a candidate for future study.
5.2 Experimental
5.2.1 Materials
Tetrakis(triphenylphosphine) palladium (0), trimethyl borate, epichlorohydrin,
potassium carbonate, tetramethylammonium hydroxide, tetrabutylammonium chloride,
dimethylsulfoxide, and l,l,l-tris(4-hydroxyphenyl)ethane were purchased from Aldrich
and used as received. 1,3,5-Tribromobenzene was purchased from Aldrich and
sublimed under vacuum. n-Butyllithium in hexanes (2.8 M) was purchased from Alfa
Aesar and used as received. Tetrahydrofiiran and diethyl ether were distilled over
sodium and benzophenone. 3,5-Dibromophenyl boronic acid was prepared as described
in the literature.^
^
5.2.2 Instruments
NMR spectra were recorded on de-TUF or i/j-methanol solutions using a Bruker
DPX-300 specfrometer: 'H at 300 MHz and '^C at 75 MHz, referenced to residual
solvent. Molecular weights were estimated by gel permeation chromatography (GPC)
in THF relative to polystyrene standards (Scientific Polymer Products peak-average
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molecular weight (M^); 503, 700, 1306, 2300, 4760, 12,400, 196,700, and 556,000
g/mol) on a system equipped with a three-column set (Polymer Laboratories 300; 7.5
mm, 2 Mixed-D, 50) and a refractive-index detector (Waters R4010). Thermal
gravimetric analysis was performed in a nitrogen atmosphere on a DuPont TGA 2950
and TGA 2050 using a ramp rate of 10°C/min. Heat release capacity and total heat
release were measured using pyrolysis combustion flow calorimetry (PCFC)^^"^"''^^
where the average of five samples of 1.0 ± 0.1 mg were pyrolyzed in nifrogen from 200
°C to 930 °C at a heating rate of 4.3 °C/s using a Pyroprobe 2000 and then completely
combusted with excess oxygen at 900 °C. Fiber extrusion was performed on a Daca
twin screw extruder. Components were combined in the extruder and mixed for 5
minutes at 190 °C prior to extrusion, and then extruded and collected without drawing.
5.2.3 Monomer Synthesis
l,l-dichloro-2,2-bis(4-glycidyloxyphenyl)ethene (35). l,l-Dichloro-2,2-bis(4-
hydroxyphenyl)ethene (14.4 g, 0.0690 mol), epichlorohydrin (31.9 g, 0.344 mol), tetra-
butylammonium bisulfate (0.750 g, 0.00221 mol), potassium carbonate (24.7 g, 0.179
mol), and tetrahydrofuran (100 mL) were added to a round bottom flask equipped with
a magnetic stirbar and condenser. The reaction mixture was heated to reflux and stirred
for 4 hours. The mixture was then cooled to room temperature, filtered and
concentration under vacuum. The resulting brovm solid was placed on silica gel and
eluted with chloroform to afford a white solid (9.82 g, 44 %). 'H NMR 5 7.20 (d, 4H,
J=8.8 Hz, Ai-H), 6.87 (d, 4H, J=8.8 Hz, Ai-H), 4.24 (q, 2H, Jl=3.2 Hz, J2=l 1 Hz), 3.95
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(dd, 2H, Jl=5.7 Hz, J2=ll Hz), 3.35 (m, 2H), 2.91 (t, 2H, J= 4.6 Hz), 2.75 (dd, 2H,
Jl=2.6 Hz, J2=4.9 Hz)ppm.
5.2.4 Polymer Synthesis
Hyperbranched Polyphenylene - Bromine-terminated (36). Bromine
terminated hyperbranched polyphenylene was prepared from 3,5-dibromoboronic acid
as described in the literature.
Hyperbranched Polyphenylene - Boronic-acid-terminated (39) (represent-
tative of polymers 37-39). Polymer 36 (0.47 g, 32 mmol) was added to a reaction tube
equipped with a magnetic stirbar and purged with argon for 2 hours. THF (2 mL) was
added and the solution was cooled to -78 °C. A 2.8 M solution of «-butyllithium in
hexanes (1.1 mL, 32 mol) was added dropwise, by syringe and the solution was stirred
for 30 minutes. Trimethyl borate (13.0 mL, 0.1 17 mol) was then added all at once by
syringe, and the solution was stirred 30 minutes at -78 °C and then 2 hours at room
temperature. Dilute hydrochloric acid (2 mL, 1 N) was added, the mixture was stirred
for 2 hours to afford a orange precipitate that was then dissolved in THF and dried over
magnesium sulfate. The THF solution was precipitated into hexanes to afford an orange
solid that was filtered and dried under vacuimi at 60 °C (0.35 g, 97 %).
Hyperbranched Bisphenol C Polyether (40). 1 , 1 -Dichloro-2,2-bis(4-glyci-
dyloxyphenyl)ethene (35) (0.384g, 1.20 mmol), l,l,l-tris(4-hydroxyphenyl)ethane
(0.245 g, 0.800 mmol), tetrabutylammonium chloride (31 mg, 0.11 mmol), and
dimethylsulfoxide (0.25 mL) were placed into a scintillation vial equipped with a
magnetic stirbar. The vial was placed into an oil bath that was preheated to 1 1 5 °C, and
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the reaction mixture was stirred for 15 minutes. The viscous solution was cooled to
room temperature, diluted with tetrahydrofuran (3 mL), and slowly added to water. The
resulting precipitate was filtered, washed with water, and dried under vacuum to give a
white powder (0.61 g, 97%).
5.3 Results and Discussion
5.3.1 Synthesis of Hyperbranched Polyphenylenes
Hyperbranched polyphenylenes were prepared as described by Kim and
3
1
Webster.' ' The AB2 monomer, 3,5-dibromophenyl boronic acid, was synthesized by
treatment of 1,3,5-tribromobenzene with a slight excess of «-butyllithium followed by
addition of trimethyl borate and subsequent hydrolysis with dilute hydrochloric acid.
Hyperbranched polymer 36 was then obtained by Suzuki coupling/polymerization using
tetrakis(triphenylphosphine)palladium(0) and potassium carbonate in a mixture of
water, xylenes, and methanol (see Figure 5.2). Analysis of the polymer product by Gel
Permeation Chromatography (GPC) revealed a M„ of 2500 g/mol and PDI of 1.75,
which is in good agreement with the results of Kim and Webster.^' It should be noted
Br
1) n-BuLi^ Pd(PPh3)4
2) B(OMe)3
1 |1 IMK2C0I
3) HO. Br^^^B(OH),
E=—Br
36
Figure 5.2: Preparation of AB2 monomer 35 and its polymerization to afford hyper-
branched polyphenylene with bromine termination (36).
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that GPC derived molecular weights generally underestimate the true molecular weight
of hyperbranched polymers, and this is likely the case here.
Boronic acid terminated hyperbranched polyphenylenes (polymers 37-39) were
prepared by converting the bromine endgroups found in 36 to boronic acid groups in a
process similar to the synthesis of 3,5-dibromophenyl boronic acid. Polymer 36 was
treated with «-butyllithium at -78 °C and the resulting polyphenyllithiate was quenched
with trimethylborate (Figure 5.3). Addition of dilute hydrochloric acid converts the
Figure 5.3: Synthetic scheme for conversion of bromine-terminated hyperbranched
polyphenylene (36) to boronic acid-terminated hyperbranched polyphenylene (37).
resulting boronic acid anhydride to the boronic acid. Polymer 39 resulted from
treatment of 36 v^th a slight excess of «-butyllithium to resuh in a polymer with
boronic acid endgroups. For polymers 37 and 38, 0.33 and 0.66 equivalents of n-
butyllithium were added respectively. Table 5.1 lists the composition of polymers 36-
Table 5.1: Compositions and char yields for bromine and boronic acid terminated
hyperbranched polyphenylenes 36-39.
Terminating Group Char Yield
Polymer Bromine (moiyo) Boronic Acid (mol%) (%)
36 100 0 44
37 33 66 48
38 66 33 50
39 0 100 55
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39.
The proton NMR spectrum of 36 is given in Figure 5.4a. The spectrum is as
expected with exclusively aromatic signals detected. The carbon 1 3 NMR spectrum for
lb 9 17 6
Figure 5.4: Proton NMR spectra for a) bromine-terminated hyperbranched
polyphenylene (36) and b) boronic acid-terminated hyperbranched polyphenylene (39).
36 is presented in Figure 5.5a, and peaks are assigned following Kim and Webster.^'
The spectrum correlates well with that provided by Kim and Webster. In Figure 5.4b,
the proton NMR spectrum is given for 39, The signal near 9 ppm that is not present in
Figure 5.4a, indicates the presence of boronic acid groups within the polymer structure.
—
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Figure 5.5: Carbon 1 3 spectra for a) bromine-terminated hyperbranched poly-
phenylene (36) and b) boronic acid-terminated hyperbranched polyphenylene (39).
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The downfield shift of protons adjacent to the boronic acid groups is consistent with
that seen for monomer 35. The broad signal centered near 8 ppm results from protons
attached to non-terminal phenylene units. However, protons on bromophenyl
terminating groups are not well resolved from non-terminal phenylene protons (see
Figure 5.4a). Thus, the possible presence of some bromine-terminating groups on 39
cannot be ruled out. The carbon 1 3 NMR spectrum for 39 (Figure 5.5b) is too complex
for precise structural determination or calculation of yield.
5.3.2 Synthesis of Hyperbranched Bisphenol C Polyether
l,l-Dichloro-2,2-bis(4-glycidyloxyphenyl)ethene (35) was prepared by treat-
ment of BPC with excess epichlorohydrin and potassium carbonate in refluxing tetra-
hydrofiiran (Figure 5.6). Tetrabutylammonium bisulfate was employed as a phase
transfer catalyst. Purification by column chromatography resulted in 44% yield of a
white solid. This monomer was then used to prepare BPC-containing hyperbranched
polyether (40), resulting from the A2 + B3 polycondensation of diglycidyl ether 35 and
tris(4-hydroxyphenyl)ethane (Figure 5.7). Polymerization proceeds by a proton
transfer mechanism initiated by tetrabutylammonium chloride. A2 + B3 polyconden-
sations, when approaching complete conversion, result in crosslinked, insoluble
(44 %)
Figure 5.6: Treatment of bisphenol C with epichlorohydrin results in l,l-dichloro-2,2-
bis(4-glycidyloxyphenyl)ethene (35).
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material. However, in this case, the slow rate of propagation permits halting the
polymerization prior to gelation by pouring the reaction mixture into water within 1
5
minutes from initiation. A white precipitate results in 97% yield. Analysis by GPC
resulted in = 2100, = 6700, and PDI = 3.2.
BU4NC1
DMSO
110°C
Figure 5.7: Reaction mechanism depicting synthesis of BPC-containing hyperbranched
polyether (40) from l,l-dichloro-2,2-bis(4-glycidyloxyphenyl)ethene (35) and tris(4-
hydroxyphenyl)ethane.
5.3.3 Fire-resistance of Hyperbranched Polyphenylenes
High char yields may be expected for polymers 36-39 due to their highly
30
aromatic nature. Indeed, linear polyphenylene affords a char yield of 93%. However,
hyperbranched polymers possess n+\ endgroups (where « = # of repeat units per
polymer chain) while linear polymers only contain two. Thus, hyperbranched polymers
have a higher susceptibility to mass loss during heating if the endgroups are labile.
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Polymers 36-39 were analyzed by TGA, and the resulting curves are presented
in Figure 5.8. The char yields obtained from these curves are listed in Table 1. TGA
analysis of polymer 36 resulted in a char yield of 42%. Kim and Webster determined
that this mass loss was accounted for by emission of hydrogen bromide.^' Polymers 37-
39, where bromine has been replaced with boronic acid groups, results in char yields
that increase with boronic acid content. Char yields as high as 55% are realized for
polymer 39 with mgiximum boronic acid incorporation. This increase in char yield
arises because boronic acids eliminate water to form boronic anhydrides when heated or
exposed to dehydrating agents. As showm in Figure 5.9, when two boronic acid groups
are present on each phenyl ring, a hybrid organic/inorganic glassy network is formed.
Thus, due to this network formation, char yields increase relative to the bromine
terminated polymer (36). Increased incorporation of boronic acid groups leads to
100
90
80
70
^ 60
^ 50
(0
S 40
30
20
10
0
Polymer 36
Polymer 37
Polymer 38
Polymer 39
200 400 600
Temperature (°C)
800
Figure 5.8: TGA curves for polymers 36-39 indicating increasing char yield with
increased boronic acid functionality.
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HoO
Figure 5.9: Crosslinking and network formation results from boronic acid anhydride
formation. P represents continuing polymer chains.
increasing char yields.
Polymer 36 was analyzed by PCFC to provide a heat release capacity of 6 J/g-K
and total heat release of 0.7 kJ/g. These exceptional values are the lowest yet obtained
using PCFC and are a result of the highly aromatic nature of hyperbranched
polyphenylenes. While the char yield was determined to be 42% (vida supra), the loss
of mass did not contribute to an increase in heat release as might be expected for most
polymers. However, since this mass loss results from evolution of hydrogen bromide,
an incombustible gas, no heat is generated from combustion. Furthermore, the
evolution of hydrogen bromide serves to inhibit combustion reactions and fiirther
reduce evolution of heat. Thus, the exceptionally low heat release capacity of 36 is due
to its char-like structure and its flame-retardant endgroups,
5.3.4 Fire-resistance of BPC-containing hyperbranched polyether
TGA analysis of HB-BPC resulted in 29% char yield at 900 °C. This is less
than the 50+% found in most BPC systems. The lower char yield is a result of the
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greater aliphatic content presented by ring opening of the glycidyl ether fiinctionality
and is comparable to other polymers prepared from 35.'^^ In addition, PCFC analysis
resulted in heat release capacity and total heat release of 200 J/g K and 16 kJ/g
respectively. These higher values compared to other BPC polymers are likely due to
the increase in volatile fiiel that is generated due to lower char yields.
5.3.5 Extrusion of BPC-containing hyperbranched polyether
Phase 2 of this investigation involves studying the phase segregation behavior of
fire-resistant, hyperbranched polymers. What is presented here is not a comprehensive
investigation, but rather initial attempts to prepare £ind characterize hyperbranched/lin-
ear polymer blends. BPC-containing hyperbranched polyether 40 was blended with low
density polyethylene (LDPE) in concentrations has high as 10 wt% in a Daca twin-
screw extruder. Fibers were then extruded without drawmg and collected.
Initial attempts to microtome these fibers in preparation for TEM analysis failed
to isolate sections of the fiber. Sections could be cut, but the embedded fiber section
would detach from the epoxy matrix during transfer. The use of altemate epoxy
matrices, including low viscosity resins that are known to penetrate well into these types
of polymers, proved to be of no benefit. Thus, the cross-sections of fibers that had been
cut immediately following immersion into liquid nitrogen were viewed by SEM (see
Figure 5.10). The SEM micrographs indicate a surface coating present on the fiber.
Figure 5.10a shows a clear interface between this coating and the core of the fiber. In
addition. Figure 5.10b shows the surface coafing delaminating fi-om the core of the
fiber. Figure 5.10c similarly shows delamination but also suggests the coating
is
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flaking off in this region. In other portions of the fiber (not shown), the outer coating is
clearly missing. Thus, it is postulated that the outer coating consists of 40 that has
migrated to the surface, but due to a large incompatibility between the two components,
the outer coating does not interpenetrate into the LDPE region. Therefore, the coating
of 40 has no mechanical integrity and readily delaminates and flakes off. This also
explains the difficulty in obtaining microtome sections of the fiber.
Figure 5.10: SEM micrographs of fiber consisting of 10 wt% BPC-containing hyper-
branched polyether (40) blended with LDPE.
For future studies, it is suggested that other materials be investigated.
Hyperbranched/linear systems that are more compatible may result in increased
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mechanical integrity near the surface. Possible candidates could include blends of
hyperbranched polyphenylenes with LPDE. In addition, polar linear polymers may be
more compatible with HB-BPC and allow for increased mechanical integrity.
In summary, hyperbranched polyphenylenes with bromine and boronic acid
termination were prepared by Suzuki coupling polymerization. Heat release capacity
and total heat release were shown to be exceptional for bromine terminated polymers
and char yields were shown to increase as a function of boronic acid termination due to
the formation of a glassy network. In addition, BPC-containing hyperbranched
polyether was synthesized from l,l-dichloro-2,2-bis(4-glycidyloxyphenyl)ethene. This
polymer exhibited moderate char yields and fire-resistance. Fibers were prepared by
extruding blends of BPC-containing hyperbranched polyether with LDPE. Examination
of these fibers by SEM revealed that the hyperbranched BPC-polyether appeared to
migrate to the surface but lacked mechanical integrity and delaminated.
The exceptionally fire-resistance of these hyperbranched polymers may make
them ideal candidates for use as flame-retardant additives to bulk material. Because of
their hyperbranched nature, migration of the polymer additive to the surface may
deliver flame-retardancy to the surface of a material, which may be a more efficient
means of imparting fire-resistance at low loading levels.
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APPENDIX
ATOM TRANSFER RADICAL POLYMERIZATION OF NORBORNADIENE
DIETHYLESTER
Prior to receiving tutelage from professors Emrick and Farris, professor Bruce
Novak advised me on palladium catalyzed polymerizations and copolymerizations of
substituted norbomadienes. The work presented in this appendix, while not falling
under the category of fire-resistant polymers, does represent a significant portion of my
doctoral work, and as such, it is included here in this dissertation.
A.l Introduction
Cycloaliphatic polyolefins offer properties that are uniquely suitable for optical
applications (lenses,'"'^ compact discs,'''" and waveguides'"'), photoresists,''*^ electronic
packaging,'''^ medical applications,'^^''^^''''^ solar energy storage,''*" and fabrication of
Figure A.l : Three backbone structures result from Ring Opening Metathesis Polym-
erization (ROMP), 2,3-addition polymerization, or 2,6-addition polymerization of
norbornadiene.
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integrated circuits. ' Their rigid nature imparts good chemical resistance, high glass
transition temperatures (250-300 °C), stiffness and strength, optical transparency and
low dielectric constants. '^^''^^ Furthermore, bicycle[2.2.1]hepta-2,5-diene (norboma-
diene) and its derivatives are versatile in their polymerization behavior in that they can
form polymers with very different microstructures depending upon the polymerization
mechanism employed. Three examples of such structures are illustrated in Figure A.l.
A.1.1 Ring-opening Metathesis Polymerization of Norbornadienes
Ring-opening metathesis polymerization (ROMP)'"*^''^" proceeds through a
transition metal mediated process whereby a meteillacyclobutane intermediate forms via
a [2 + 2] cycloaddition reaction between a metal alkylidene and a cyclic olefin. The
ring-opening step gives a double bond within the polymer backbone, with concomitant
reformation now at the polymer chain-end (Figure A.2). While ROMP is a series of
equilibrium reactions, for cases involving strained cyclic olefins such as norbomene and
norbomadiene, the reaction is essentially irreversible and high molecular weight
polymer is obtained easily. The double bond within the polymer backbone can undergo
chain transfer metathesis chemistry in the presence of the more highly reactive
transition metal catalysts. This broadens the molecular weight distribution of the
polyolefin products. However, useful living polymerizations result from the use of less
Figure A.l: Ring Opening Methathesis Polymerization (ROMP) mechanism. [Mt]
-
metal.
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active, highly defined transition metal complexes like
Schrock's Catalyst. '^^ Polymerizations of norbomadiene using
less active catalysts results in linear polymers,'^''^^'' but
N
crosslinking can occur to give insoluble polymers with the use o.
F3C
F3C ^y/ ' "Ph
of highly active catalysts through metathesis of the resulting
cyclopentene units to afford insoluble polymers. '^'^''^^ Reif
Schrock s Catalyst
and Hocker report that these crosslinking reactions can be reversed if the catalyst is not
removed from the polymer following polymerization.
Polymers derived from norbomadiene compounds substituted at the 7 posi-
tion'^^"'^^ and the 2 and 3 positions'^^"^^° are soluble and do not afford crosslinked
polymer because the substituents provide a steric barrier that greatly reduces catalyst
access to the second double bond. In addition, highly stereoregular polymers are
obtained from these substituted dienes, as the steric influence of the substituents
precludes catalyst approach from one face of the molecule.
A.1.2 Organometalliclnsertion Polymerization of Norbornadienes
Polymerizations of norbomadiene utilizing insertion mechanisms mediated by
palladium(II) catalysts afford the 2,3-addition polymer.^^'"'^^ The mechanistic details
are similar to Zeigler-Natta type olefm-insertion polymerizations and are studied in
detail for polymerizations involving norbomene monomers.'^ Sen and Lai report that
the polymerization of norbomadiene results in insoluble crosslinked material (Figure
However, soluble non-crosslinked polymer with M, = 10,000 and PDI = 6 was
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reported by Risse and coworkers.''^'^'^ Both groups employed the same cationic
palladium complex [Pd(CH3CH2CN)4][BF4] as the catalytic species.
Living polymerizations and copolymerizations of 23-carboxy substituted nor-
bomadienes catalyzed by neutral palladium(II) complexes were reported by Safir and
Novak^^^"^^^ and will be discussed later.
Figure A.3: 2,3-Addition polymerization of norbomadiene catalyzed by palladium.
A.1.3 Cationic Polymerization of Norbornadienes
Cationic polymerization of norbomadiene results in transannular rearrangement
to give the 2,6-addition polymer (Figure A.4). Using various cationic initiators such as
^j^j^i68,i69
AlBrs/^^ high Tg (-320 ^C) polymers were produced when the polymer-
ization temperature remained below -123 ^C. Higher temperatures induced cross-
linking.^^^''^^'^^^ However, Huckfeldt and Risse obtained soluble polynorbomadiene
with AICI3 at 0 °C with nitrobenzene or nitromethane. Living polymerizations
Figure A.4: Cationic polymerization of norbomadiene results in tricyclane-containing
polymer.
7b
—
' n
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produced polymers with M„ of 1000 g/mol at ca. 20% conversion using a 2-chloro-
2,4,4-trimethylpentane and titanium (IV) chloride catalytic system.
A.1.4 Radical Polymerizations of Norbornadienes
Radical initiated polymerizations of norbomadiene resuh in copolymers
possessing both 2,3- and transannular 2,6-addition units as reported by Zutty.'^^
However, Graham, et al. reports that selective 2,6-addition is observed in radical
polymerizations of monoester substituted norbomadiene.'^^ As Figure A.5 shows, the
monoethylester can stabilize the propagating radical through resonance and make trans-
annular rearrangement favorable to vinyl addition.
Figure A.5: Polymerization of ethylester substituted norbomadiene favors transannular
rearrangement to afford substituted tricylane polymers.
A.2 Experimental
A.2.1 Materials
Diethyl bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (41) was synthesized by
a Diels-Alder reaction of diethyl acetylenedicarboxylate (Aldrich) with
cyclopentiadiene (Aldrich) and purified by distillation under high vacuum at 65 °C.
Styrene (Aldrich) was distilled over CaHi at reduced pressure. CuCl (Aldrich), 1-
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chloro-l-phenylethane (Aldrich), and 2,2'-bipyridme (Baker) were used as obtained
without further purification.
A.2.2 Instrumentation
NMR spectra were recorded on CDCI3 solutions using a Bruker DPX-300: 'H at
300 MHz and '^C at 75 MHz, referenced to residual CHCI3. Molecular weights were
measured via a tandem Size Exclusion Chromatography-Light Scattering (SEC-LS)
apparatus consistmg of two Polymer Labs Mixed-C columns, a HP 1050 pump, a Wyatt
Technologies Optilab 903 RI detector, and a Wyatt Technologies Dawn DSP-F light
scattering detector using THE as the mobile phase. Absolute molecular weights for
polystyrene were obtained from ASTRA 1.4 analyzing software using 0.184 for the
dn/dc value (the change of refractive index v^th concentration) of polystyrene in THE.
Thermogravimetric analysis was performed on a DuPont Instruments TGA-2950 at a
ramp rate of 10 °C/min. Differential scanning calorimetry was performed on a DuPont
Instruments DSC-2910 at a rate of 10 °C/min.
A.2.3 Polymerizations
Poly(styrene-ft-41) (46). A typical procedure for the ATRP copolymerization
of styrene and 41 follows a procedure developed by Matyjaszewski and coworkers for
ATRP of styrene^'^^"'^'. A 5 mL ampule is charge with 4.5 mmols of styrene, 6 mg of
CuCl, 28 mg of 2,2'-bipyridine, and 8 mg of 1 -chloro-l-phenylethane. The mixture
was then degassed by three freeze-pump-thaw cycles, and the ampule was sealed under
vacuum. The mixture turned brownish-red upon heatmg to 130 °C for four days. The
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ampule was opened, the contents dissolved in methylene chloride and filtered, and the
resulting polymer was precipitated in petroleum ether. The white powder was filtered
and dried under vacuum. A portion of this powder was then added to a 5 mL ampule
along with 4.5 mmols of 41, 6 mg of CuCl, and 28 mg of 2,2'-bipyridine. After
degassing with three fi-eeze-pump-thaw cycles, the ampule was sealed under vacuum
and placed in a 130 °C oil bath for four days. The ampule was then opened, the
contents dissolved in methylene chloride and the resulting polymer was precipitated
from petroleum ether. The off-white powder was filtered and dried in vacuo.
Poly(styrene-co-41). In a typical procedure, a 5 mL ampule is charge with 4.5
mmols of a given mixture of styrene and 41, 6 mg of CuCl, 28 mg of 2,2'-bipyridine,
and 8 mg of 1-chloro-l-phenylethane. The mixture was then degassed by three fi-eeze-
pump-thaw cycles, and the ampule was sealed under vacuum. The reaction mixture
turned brownish-red upon heating to 130 °C for 4 days. The ampule was opened, the
contents dissolved in methylene chloride and filtered, and the resulting polymer was
precipitated in petroleum ether. The off-white powder was filtered and dried in vacuo.
A.3 Polymerization of Diethyl Bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate.
The innate appeal of these rich structural motifs and the widely different
properties observed for the isomeric polymers has prompted the study of the homo- and
co-polymerization of 2,3-disubstituted norbomadiene derivatives. Although
norbomadiene itself has been successfully homo- and co-polymerized via insertion
mechanisms using cationic palladium(II) complexes {vida supra),^^^'^^^ these mitiators
proved ineffective in the polymerization of electron-deficient derivatives such as diethyl
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bicycle[2.2.1]hepta-2,5-diene-23-dicarboxylate (41). However, by choosing catalyst;
that compensate for this electron perturbation, living
polymerizations of these monomers can be obtained.
The more electron rich neutral palladium(II) complexes such
as di-n-halobis(exo-6-methoxy-2-norbomene-e«i/o-a,27T)dipal-
ladium (halo = chloride, 42; bromide, 43)'^^ (Figure A.6) were required for
polymerizations of 41 (Figure A.7). Likewise, living copolymerizations of 41 with
carbon monoxide could also be realized using the mono-phosphine (or pyridine) adduct,
bromo(eni/o-6-phenyl-2-norbomene-eA26/o-5a,27i)(triphenylphosphine)palladium (44).'^
Not surprisingly, the structures of both poly(5,6-41) and poly(41-co-CO) are
exclusively composed of 5,6-insertion units, and no 2,6-additions could be detected.
MeO
X = CI:(42) (44)
= Br; (43)
OMe
Figure A.6: Chemical structures of di-|Li-chlorobis(exo-6-methoxy-2-norbomene-e/7iio-
a,27i)dipalladium (42), di-|i-bromobis(ejco-6-methoxy-2-norbomene-e«<io-a,27t)dipal-
ladium (43) and bromo(e«<io-6-phenyl-2-norbomene-e/ic/o-5a,27r)(triphenylphosphine)-
palladium (44).
Obtaining the 2,6-addition isomer of poly-41 proved far more elusive. Attempts
to cationically polymerize 41 failed to produce any polymer, undoubtedly due to the
electron deficient nature of the olefin. It was recently discovered, however, that 41 will
undergo radical polymerization to give exclusively the 2,6-addition structure, poly(2,6-
41). Furthermore, these monomers are amenable to controlled polymerizations using
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living radical techniques. These findings, and the use of 41 to thermally stabilize
polymers derived from Atom Transfer Reaction Polymerization (ATRP)'^^"'^' protocols
are reported herein.
Poly(5,6-41)
Figure A.7: Polymerization of 41 by Pd catalyst 42 or 43 affords poly(5,6-41).
A.3.1 Radical Polymerization
When tracing down some occasional inconsistencies in the polymerization
behavior of 41 with 42, we found that this monomer would undergo spontaneous
polymerization (albeit slowly) at sub-ambient temperatures. Tandem Size Exclusion
Chromatography-Light Scattering (SEC-LS) analysis of poly(5,6-41) samples prepared
at room temperature using the least active catalyst (42) (i.e., longest reaction times)
revealed a small high-molecular-weight shoulder attached to the peak associated with
the normal living polymerization. This high-molecular-weight fraction possessed
different optical properties (e.g., differential of the refractive index as a tunction of
concentration, dn/dc), and thus a macromolecular structure different than poly(5,6-41)
obtained from 42 initiated chains. '^C NMR spectroscopy analysis of the polymer
mixtxire revealed aliphatic resonances that were inconsistent with the poly(5,6-41)
structure but matched the resonances for the polymer obtained from spontaneous
polymerization. Clearly a competing polymerization mechanism was responsible for
the presence of this high molecular weight fraction.
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Upon further investigation, it was found that bulk polymerizations of 41 could
be radically initiated with benzoyl peroxide (BPO) at 65 °C (53% yield after 2 days
under nitrogen). Characterization by SEC furnished a number average molecular
weight of 16,200 and PDI of 1.66 relative to polystyrene. Further analysis of the
resulting polymer by NMR spectroscopy and IR spectroscopy, indicated that it was
identical to the autopolymerized polymer. A comparison of the IR spectra also
indicates the absence of an olefinic stretch at 1628 cm'^
Figure A.8 compares the proton NMR spectrums for both the benzoyl peroxide,
and 42 initiated polymers (poly(5,6-41)) and includes the spectrum for the monomer,
41. Figure A.8a shows the absence of the monomer 5,6-olefm proton signals present at
6.91 ppm in both spectrums for poly(5,6-41) (Figure A.8b) and 41 (Figure A.8c).
1 1 _AJI ULjlJI
, 1 1 -T- 1 T ' ' ^876543210
ppm
Figure A.8: Proton NMR spectra of a) poly(2,6-41), b) poly(5,6-41), and c) 41.
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Additionally, while poly(5,6-41) shows signals corresponding to the 3,4-bridgehead
protons between 3.0 and 3.6 ppm (3.92 ppm for 41), these resonances are absent from
this region of the BPO initiated polymer spectrum. With the exception of the ethyl ester
side chain, all resonances for the BPO initiated polymer appear in the aliphatic region of
the spectrum between approximately 1.0 and 3.1 ppm as indicated by integration. This
suggests a vastly different molecular structure for the BPO initiated polymer.
Further evidence of this alternate structure is provided by comparison of the
carbon 1 3 NMR spectra for these three materials (Figure A.9). The substituted olefin at
positions 2 and 3 on the monomer 41 resonates at 152.3 ppm, and a corresponding
signal is present in the spectrum for poly(5,6-41) near 153 to 156 ppm. However, this
signal completely disappears in the spectrum for the BPO-initiated polymer and the
a) E n
E
, . EtOjC COjEt
—I I , 1 1 , 1 I
. I .
175 150 125 100 75 50 25 0 175 1 50 125 100 76 50 25 0
ppm ppm
C02Et
mm
175 150 125 100 75 50 25
ppm
Figure A.9: Carbon 13 NMR spectra of a) poly(2,6-41), b) poly (5,6-41), and c) 41
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resonance for the ester carbonyl on the side chain shifts downfield from the monomer
165.4 ppm resonance to near 171 ppm to indicate a loss of conjugation. Furthermore,
the bridgehead carbons no longer resonate near 142.6 ppm as they do for 41 and
poly(5,6-41) and have shifted into the aliphatic region as indicated by a grouping of
resonances that appear between 22 and 38 ppm. These resonances do not appear in the
spectra for poly(5,6-41) nor 41, and this reflects the saturated polymer structure of the
BPO initiated polymer. Based on the NMR spectra and the structural precedent
established from radically polymerized norbomadiene, we assigned the 2,6-addition
nortricyclene structure, poly(2,6-41), to this polymer (Figure A.IO).
Poly(2,6-41)
Figure A.IO: Polymerization of diethyl bicycle[2.2.1]hepta-2,5-diene-2,3-dicarboxyl-
ate (41) using radical initiators results in the 2,6-addition polymer, poly(2,6-41).
Further evidence for the different structures can be obtained through TGA.
Poly(5,6-41) undergoes a reverse Diels-Alder reaction to eliminate 1 ,2-diethylcarboxy-
cyclopentadiene to afford polyacetylene (Figure A.ll).'^^''^' This elunination reaction
occurs near 165 °C and is readily detectable by TGA. Poly(2,6-41) has no such
pathway for mass loss at this low temperature and should provide much greater thermal
stability. Figure A.12 bears this out as it does show the increased stability of the
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nortricyclene poly(2,6-41). Poly(5,6-41) begins losing mass ca. 210 °C while poly(2,6-
41) retains much of its mass until >10% loss occurs ca. 350 °C.
H
EtOzC COsEt
i \
165 °C
-'n
EtOzC COaEt
Poly(5,6-40)
Figure A.ll: Poly(5,6-41) affords polyacetylene upon heating to 165 °C.
A.3.2 Atom Transfer Radical Polymerization
The rudimentary mechanism of ATRP involves the reversible transfer of a
chloride (halogen) atom between propagating radical chain ends and a metal catalyst.
This equilibrium controls the instantaneous concentration of active radicals and thus
110.0
100.0 -
90.0 -
80.0 -
^ 70.0 \-
(A
m
S 60.0
50.0
40.0 I-
30.0
20.0
0.0
Poly(5,6-41)
Poly(2,3-41)
100.0 200.0 300.0 400.0 500.0 600.0
Temp I°C]
Figure A.12: TGA curves for poly(5,6-41) and poly(2,6-41),
700.0 800.0
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suppresses termination reactions. Once polymerization is complete the chain end is
capped with chlorine (see Figure A.13).
^act
R-X + M,"-Y/Ligand > R. + X-M^^-Y / Ugand
termination
monomer
Figure A.13: Reaction scheme showing Atom Transfer Radical Polymerization
(ATRP) mechanism.
Unlike the intermediates in the radical polymerization of norbomadiene, the
propagating radical in polymerizations of 41 is structurally analogous to the propagating
radical in methyl methacrylate polymerizations. Hence, within limitations the
polymerization of this monomer may be amenable to the use of controlled ATRP
protocols. The most worrisome limitation is the slow rates of polymerization. By
typical vinyl standards, 41 is slow to polymerize (vide supra), and this is sure to be
compounded by controlled radical methodologies that rely on reduced radical concen-
trations to affect control. This concern was bom out; using CuCl-(bipy) catalyst system
with benzyl chloride as initiator, control was achieved but the rates were slow. An 1 1%
yield of poly(2,6-41) (microstructure confirmed by NMR and IR spectroscopies) was
obtained after 2 weeks at 130 °C. SEC analysis revealed that the polymerization is
indeed controlled with = 2,900 and PDI = 1.17 vis-a-vis M„ > 15 000, and PDI >
1.6 observed from normal radical reactions of 41. Although 41 is not the candidate-of-
choice for rapid polymer formation, it does undergo controlled polymerizations. This
observation, in combination with its good thermal stability (vide infra) led us to
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investigate its use in thermally stabilizing other vinyl polymers derived from ATRP
methodologies.
A.3.3 Polystyrene Block Copolymers using ATRP
The use of ATRP methodologies has a negative effect on the thermal stabilities
of ATRP derived polymers relative to the same polymers synthesized by standard
radical initiators. Rational for this observation in polystyrene can come from an
examination of bond dissociation energies of model compounds. The benzyl carbon-
hydrogen bond strength is 88 kcal/mol, and the carbon-chloride bond strength in benzyl
chloride is 72 kcal/mol.'^"* Based on these values, it is expected that polystyrene chains
endcapped with chlorine will be less stable than their hydrogen endgroup counterparts.
Comparing the thermal stability of polystyrene samples prepared by AIBN (AIBN-PS)
and by ATRP (ATRP-PS) at similar molecular weights {ca. 10,000) shows this to be
true. Samples of AIBN-PS and ATRP-PS were synthesized using standard protocols.
The results from TGA analysis show that the onset decomposition temperatures (at 10%
mass loss) occur at 386 and 343 °C for AIBN-PS and ATRP-PS, respectively (Figure
A.14).
To test this hypothesis, di- and tri-block copolymers of 41 and styrene were
prepared using the CuCl-bipyridine catalyst' with 1-chloro-l-phenylethane and
l,4-bis(l-chloroethyl)benzene, respectively, and compared their thermal stabilities to
polystyrene alone. The procedure for the preparation of poly(styrene-Z?-41) was as
follows. Polystyrene homopolymer was prepared using the CuCl-bipy-( 1-chloro-l-
phenylethane) initiator package. SEC-LS analysis of this sample showed it to have a
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Figure A.14: Thermogravometric analysis curves comparing thermal stability of
polystyrene encapped with hydrogen (PS-H), chlorine (PS-Cl), and 41 (PS-b-1) (45) to
poly(styrene-co-46) (PS-co-1) (50).
M„ = 10,300 and a PDI = 1.36. A portion of this chlorine-capped polystyrene was
allowed to react with neat 41 in the presence of CuCl-bipy at 130 °C (Figure A.15) to
afford polymer 45.
Integration of the proton NMR spectrum of the resulting polymer indicated the
incorporation of 5 mol% of 41 onto the polystyrene chains, and SEC-LS indicated an
increase in M„ to 14,400 and a decrease in PDI to 1.24. As predicted, TGA analysis of
poly(styrene-6-41) shows the increase in thermal stability of 41 endcapped polystyrene
relative to ATRP polystyrene (Figure A.14). The onset temperature at 10% mass loss
for poly(styrene-6-41) determined to be 389°C represents a significant increase from the
343 °C onset for ATRP polystyrene and is neariy equivalent to the 386 °C onset
temperature recorded for standard polystyrene. The poly(41-6-styrene-6-41) triblock
(not shown) shows similar behavior. Changing the endgroup of the polystyrene to a
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Poly(styrene-6-41)
(45)
Figure A.15: Reaction scheme for the preparation of poly(styrene-Z)-41) (45).
short block of 41 is responsible for this increase in stability. The polystyrene is no
longer capped with a benzylic chloride but instead with a tricyclic unit that can undergo
different (and yet to be identified) non-chain breaking reactions if a radical is produced
by the terminal chloride group.
We were also interested in copolymers formed by mixed monomer feed ratios of
styrene and 41. We surmised that since styrene has a higher activity than 41 toward
radical polymerization, styrene should be preferentially incorporated into the polymer
chain during the copolymerization of styrene with 41. The higher activity of styrene
should allow it to react to a greater extent at first, and later, once much of the styrene
had reacted, 41 would be added in greater quantities. Thus, a tapered block would
form. The endgroup of the tapered block would likely be very similar to the diblock
copolymer of styrene and 41 formed by sequential addition, and hence we would expect
that if the endgroup is determining the thermal stability of these copolymers, then the
thermal stability of poly(styrene-co-41) should be very similar to poly(styrene-^-41).
To investigate this hypothesis, copolymers of styrene and 41, poly(styrene-co-
41), of various molar compositions were synthesized using ATRP techniques (Figure
A.17). Since as previously stated the homopolymerization of 41 proceeds relatively
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^ ^ Poly(styrene-co-41)
(46)
Figure A.16: Random copolymerization of styrene and 41 affords poly(styrene-co-41)
(copolymers 46-50).
slowly using ATRP methods, we expected that with the increase of molar feed ratio of
41, the copolymerizations would produce lower yields and lower molecular weights.
As Table A.l shows, the yields and molecular weights of the copolymers did decrease
as expected as more of 41 was used in the copolymerization. Furthermore, it was
expected that since styrene will radically homopolymerize faster than the radical
homopolymerization of 41, the incorporation of styrene into the copolymer would be
greater than the incorporation of 41. Table A.l also shows this to be true. Even in
monomer molar feed ratios as great as 83 percent in favor of 41, only 36 percent of the
copolymer contains units derived from 41 (as determined by integrations of proton
NMR spectra), and in the lowest molar feed ratio shown, 17 percent, only 9 percent of
the units in the copolymer are derived from 41.
Figure A.17 shows TGA curves for 5 different molar ratios of 41 in poly-
(styrene-co-41). The three copolymers that have the highest percentage of 41 present
(copolymers 46-48) show two modes of mass loss. The first mode begins at
approximately 200 °C whereby the copolymer experiences fifteen percent mass loss and
the second mode begins at approximately 360 "C. Figure A.17 also shows that the two
copolymers with the lowest percentage of 41 present (copolymers 49 and 50) only have
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Table A.1: Molecular weights and TGA onsets of poly(styrene-co-41) (copolymers 46-
50) at various monomer feed ratios.
Copolymer mol % of 41 mol % of 41 Yield
in Feed in Polymer (%)
46 83 36 5
47 66 32 14
48 50 24 29
49 33 12 37
50 17 9 46
Molecular Weight by TGA Onset
SEC-LS at 10% loss
Mr, PDI (°C)
7600 9200 1.22 302
5000 6000 1.20 324
6000 7300 1.22 313
6100 7100 1.17 374
6400 7500 1.18 372
one mode of decomposition with an onset temperature of approximately 372 °C (at 10%
mass loss). Copolymers 49 and 50 do not have the first mode of decomposition present
in copolymers 46-49. TGA analysis of homopolymer of 41 (poly(2,6-41)) synthesized
using ATRP methods (Figure A.12) shows behavior similar to copolymers of 46-48.
Hence, it is speculated that with the higher incorporation of 41 into copolymers 46-48,
blocks of 41 with a significant length are being formed in the polymeric structure.
These blocks are able to undergo the same early decomposition that the homopolymer
does (the decomposition mechanism is unknown). As the composition of 41 within the
copolymer decreases, long blocks of 41 become less likely to form £ind the early
decomposition mechanism present in the homopolymer is no longer available. Thus,
copolymers 49 and 50 do not experience this early decomposition
Figure A.14 compares the TGA traces of polystyrene and copolymers of styrene
and 41 prepared by various methods. Earlier, a hypothesis stated that these
copolymerizations should form tapered blocks. If this is so, then the thermal
decomposition behavior of poly(styrene-co-41) should be very similar to the behavior
shown by poly(styrene-Z)-41). The TGA trace presented in Figure A.14 supports this.
The onset decomposition temperature for copolymer 50 given in Table A.l is 374 °C.
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Thus, just as the diblock copolymer of styrene and 41 had better thermal stability
relative to ATRP-PS, so does poly(styrene-co-41), albeit to not as great an extent. This
represents a significant unprovement to the polymerization of styrene by ATRP
methods. By adding a small amount of 41 to the ATRP of styrene, its thermal
properties can be improved in a sunple and significant manner.
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Figure A.17: TGA curves of poly(styrene-co-41) (copolymers 46-50) with varying
molar compositions.
In summary, we have shown that 41 will undergo radical polymerization to yield
a fully saturated polymer consisting of 2,6-enchained repeat units. In the presence of
the CuCl/bipy ATRP catalyst system, this monomer will also undergo controlled
polymerization. Diblock copolymers with styrene could be produced by sequential
addition of 41 to chloride terminated polystyrene formed by ATRP systems. By
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introducing styrene and 41 at the same time to ATRP polymerization conditions, similar
tapered diblocks could be formed by taking advantage of the differences in reactivity
between styrene and 41. Both types of diblocks provided an effective endcapping agent
that yielded polymers with thermal stabilities comparable to the stability observed for
polystyrene obtained from non-controlled AIBN initiated processes. This significant
development represents a convenient and simple means to improve the thermal stability
ofATRP derived polystyrene.
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